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FOREWORD 


This  research  program  is  being  carried  out  in  the  research 
laboratories  of  Union  Carbide  Corporation  located  at  Tarry town,  New  York 
(Union  Carbide  Research  Institute).  The  work  is  supported  by  the  Advanced 
Research  Projects  Agency  Propellant  Chemistry  Office  under  Contract  No. 

DA- 30 -069 -ORD- 2787  with  the  U.  S.  Army  Missile  Command.,  Redstone  Arsenal, 
Alabama.  The  report  period  is  from  July  1,  1 96k  to  September  30,  196k. 

The  program  at  Union  Carbide  Research  Institute  is  supervised 
by  Dr.  Richard  Kebler  under  the  project  direction  of  Dr.  Vernar  Schoraaker 
with  Dr.  S.  R.  Aspinall  serving  as  general  project  coordinator  and 
Manager  of  the  Institute . 

The  scope  of  the  program  as  stated  in  the  contract  is  "to  obtain 
a  better  understanding  of  the  mechanisms  which  govern  the  behavior  of 
materials  in  high- temperature  environments,  to  learn  how  to  make  the  most 
effective  use  of  available  materials,  and  to  obtain  a  better  knowledge  of 
optimum  properties  desired  for  new  materials  for  particular  use.  The  work 
is  expected  to  provide  guidance  for  those  concerned  with  the  development  of 
materials  and  the  use  of  materials  in  solid-propellant  engines." 
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I  SUMMARY 


Data  have  been  obtained  cn  the  corrosion  of  W  by  CO^/Ar  mixtures  with 
CO^  stagnation  partial  pressures  of  40,  8l,  122,  192,  and  3^0  torr  at  2325- 
3000 °K  and  3^0 -torr  total  stagnation  pressure,  The  reaction  rate  is  linear 
with  time.  At  the  lower  temperatures  log  rate  is  nearly  linear  with  reciprocal 
temperature  for  all  COg  partial  pressures,  and  near  3000°K  the  rates  approach 
those  calculated  for  diffusion  control.  These  data  on  the  C0g-W  reaction  have 
been  analyzed  in  terms  of  an  approximate  forward  rate  expression  for  the  sur¬ 
face-controlled  region,  a  mass -transfer  treatment,  and  an  assumed  reverse  re¬ 
action.  The  calculated  curves  agree  well  with  the  experimental  data,  although 
some  questions  remain  to  be  resolved;  measurements  have  been  made  of  the  cor¬ 
rosion  races  of  tungsten  in  mixtures  of  COg,  CO,  and  Ar  to  help  clarify  these 
points . 

Design  improvements  have  been  made  in  the  high-pressure  stagnation- 
flow  reactor,  and  the  corrosion  of  tungsten  by  COg  at  a  stagnation  pressure 
of  1033  torr  from  2080  to  2850°K  has  been  measured.  A  linear  plot  of  log  of 
corrosion  rate  vs.  l/T  was  obtained  up  to  about  265C°K  with  an  apparent  acti¬ 
vation  energy  comparable  to  that  obtained  in  the  low-pressure  reactor.  Some 
difficulty  has  been  encountered  ir.  controlling  temperatures  in  this  reactor. 
Study  of  the  C0g-W  reaction  in  the  arc-image  reactor  has  been  extended  to  a 
gas  velocity  of  9000  cm/sec,  and  the  results  obtained  are  consistent  with 
previous  data.  Appreciable  differences  have  been  found  in  the  rates  and  modes 
of  attack  of  COg  on  tungsten  specimens  differing  in  density  and  in  orientation 
relative  to  the  direction  of  working. 

The  potential  flow  calculation  for  gas  flow  in  the  exterior  region 
for  stagnation  geometry  na&  teen  extended  by  the  inclusion  of  a  second-order 
perturbation  calculation  of  compressibility  effects. 

A  kinetic  model  has  teen  deduced  which  fits  the  experimental  mass- 
spectrometric  data  attained  on  the  reaction  of  oxygen  at  low  pressures  with 
tungsten  over  the  temperature  range  ihOO- <150°K.  The  model  involves  two 
adsorption  sites  for  oxygen:  essent iaily,  tare  tungsten  and  tungsten  with  a 
monolayer  of  oxygen.  Experiments  using  atomic  oxygen  generated  at  one  !•.’ 
filament  to  strike  a  second  •.urge ton  filament  appear  confirm  tie  hi-;; 


sticking  probability  for  oxygen  molecules  assumed  for  the  second  type  of 
adsorption  site.  Preliminary  studies  of  the  ETb-O^,  Ta-O^,  b-CO,  W-CO^, 
and  Mo-Og  systems  by  mass  spectroscopy  have  begun. 

High-density  tungsten  rod  of  l-l/2  inch  diameter  has  been  obtained 
to  make  nozzles  whose  corrosion  will  be  tested  in  a  new  high-pressure 
liquid  motor  by  the  Army  Missile  Command.  An  initial  calculation  was  made 
of  the  temperature  history  to  be  expected  for  such  a  nozzle. 

Hie  accuracy  of  our  least-squares  program  for  computing  lattice 
parameters  was  checked  by  determining  the  lattice  parameter  of  a  tungsten 
sample  from  measurements  of  the  positions  of  the  peaks  and  of  the  centers  of 
gravity  of  the  lines  with  the  Siemens  diffractometer.  The  lattice  parameter 
computed  from  the  peak-position  measurements  agrees  very  closely  with  the 
average  of  values  obtained  by  ten  other  laboratories  on  presumably  identical 
samples;  the  cent cr-of-gravity  measurements  led  to  a  value  low  by  a  small 
amount.  These  results  establish  the  overall  accuracy  of  our  techniques  and 
apparatus.  In  the  study  of  the  thermal  expansion  of  NbB0  and  TaB,^  by  measure¬ 
ments  of  lattice  parameter  vs.  temperature,  surface  depletion  in  oorcn  was 
found  for  samples  heated  above  1200°C  in  a  vacuum.  Since  the  lattice  para¬ 
meters  of  these  borides  are  also  dependent  on  boron  content,  such  losses  must 
be  prevented  before  meaningful  measurements  can  be  made  above  1200°C.  Hew 
data  have  been  obtained  for  TiB^  up  to  1250°C.  These  agree  well  with  previous 
measurements  and  show  no  evidence  for  boron  depletion. 

All  the  first-order  elastic  constants  of  polycrystalline  tungsten 
have  been  computed  for  temperatures  from  2k°  to  l800°C  from  measurements  of 
the  velocities  of  shear  and  compressicnal  waves.  The  data  are  in  good  agree¬ 
ment  with  published  data  extending  to  7^0°  and  1200°C.  Difficulties  in  bond¬ 
ing  tungsten  crystals  to  buffer  rods  have  been  overcome,  and  data  to  complete 
our  set  of  single -crystal  elastic  constants  of  tungsten  to  l800°C  will  be 
obtained. 

Several  creep  tests  were  made  on  polycrystalline  TiC,  and  a  large 
stress  dependency  (e  ~=  P^)  was  found  for  creep  at  22)j-3°K.  Appreciable 
quantities  of  zirconium  and  vanadium  were  found  to  have  been  present  in  TiC 
specimens  that  shewed  low  creep  rates,  and  these  impurities  might  well  explain 
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the  strengthening.  The  new  electron-beam  zone -refining  equipment  has  pro¬ 
duced  refined  tungsten  rods,  but  of  somewhat  irregular  shape.  A  power  supply 
to  control  the  heating  current  is  being  considered  to  overcome  this  problem. 
The  vacuum  tensile  tester  is  being  checked,  and  methods  for  electrolytic 
machining  of  specimens  developed.  A  discussion  of  Li's  theory  of  creep  as 
applied  to  tungsten  single  crystals  is  given. 

A  pyrohydrolysis  technique  for  the  determination  of  boron  has  been 
successfully  developed  for  TiE^  and  ZrB0.  This  procedure  considerably 
simplifies  the  analysis  and  appears  to  increase  its  precision.  Preliminary 
experiments  have  been  conducted  on  the  analysis  of  other  borides  by  this 
method . 

Materials  preparation  work  has  been  concentrated  on  the  preparation 
of  composite  materials  consisting  of  interpenetrating  skeletons  of  refractory 
compounds  and  metals.  Porous  bodies  of  the  refractory  compounds  were  fabri¬ 
cated  by  hot  pressing  and  infiltrated  with  metals  by  an  improved  technique. 
Isostatic  pressing  is  being  investigated  as  an  alternative  method  which  would 
permit  forming  larger  porous  bodies  for  infiltration  than  will  hot  pressing. 
The  impact  strengths  of  porous  and  of  nickel-infiltrated  TaC  were  measured. 
Infiltration  considerably  increases  the  impact  strength  of  TaC  and  renders  it 
comparable  to  the  strengths  of  conventional  cemented  carbides.  The  transverse 
rupture  strength  of  hot-pressed  T-°C  goes  through  a  minimum  at  l400°C  and 
then  increases  considerably.  This  is  probably  associated  with  the  beginning 
of  plastic  deformation.  Nickel-infiltrated  TaC  rapidly  decreases  in  strength 
above  1000°C  and  has  little  or  no  strength  at  ltOO°C ,  This  is  probabl.y  a 
result  of  the  dissolution  of  TaC-TaC  grain  boundaries  by  the  nickel  near 
itOO°C. 
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II  INTRODUCTION 


This  program  is  concerned  with  the  principles  governing  high- 
temperature  chemical  and  physical  behavior,  especially  in  the  respects  that 
may  contribute  importantly  to  the  successful  performance  of  materials  as 
rocket  components  operating  at  high  temperatures. 

The  materials  being  studied  here  are  tungsten,  graphite,  and  the 
refractory  carbides  and  borides  of  the  transition  metals.  These  carbides  and 
borides  are  difficult  to  handle  because  of  their  high  melting  points,  brittle¬ 
ness  and  high  hardness  at  room  temperature,  and  susceptibility  to  contamination 
at  high  temperatures .  Thus,  a  considerable  effort  is  devoted  to  their  puri¬ 
fication  and  fabrication.  Composite  bodies  consisting  of  interpenetrating 
carbide  and  metal  skeletons  are  being  prepared  and  evaluated.  These  appear  to 
hold  promise  for  high-temperature  service,  especially  in  rocket  nozzles. 

Because  corrosion  of  rocket  nozzJ.es  by  the  exhaust  gases  is  a 
serious  problem,  reaction  rates  between  various  gases  or  combinations  of  gases 
and  possible  no  :le  materials  are  being  studied  as  functions  of  temperature 
and  pressure  in  this  program.  However,  at  typical  temperatures  for  rocket 
operation  these  gas-solid  reactions  may  be  controlled  not  by  the  surface  re¬ 
action  rate  but  partly  or  entirely  by  the  rates  of  diffusion  of  reactants  to 
tl  surface  or  of  products  away  from  it.  Special  efforts  are  being  made  to 
mea-ir'  truly  surface -co±.  rolled  reaction  rates  for  the  various  refractory 
materials  at  all  temperatures  of  interest  by  using  experimental  conditions  that 
afford  very  high  mass-transfer  rates.  The  values  so  obtained  will  permit 
calculation  of  corrosion  rates  for  conditions  where  both  surface  reaction  rate 
and  diffusion  are  important. 

As  structural  parts,  rocket  nozzles  are  subjected  to  substantial 
stresses  during  operation.  Some  of  these  stresses  change  relatively  slowly  with 
time,  and  their  effects  on  the  nozzle  will  be  determined  by  creep  strength  and 
ductility.  There  are  also  rapidly  changing  stresses,  resulting  from  sudden 
heating  or  cooling,  which  can  cause  deformation  or  fracture ,  The  thermal 
stress  developed  by  a  given  temperature  change  increases  with  increasing  co¬ 
efficient  of  expansion  or  elastic  modulus,  and  decreases  with  increasing  thermal 
conductivity  or  specific  heat,  and  the  likelihood  of  fracture  due  to  these 
stresses  further  depends  upon  the  tensile  strength  and  ductility.  Measurements 
are  being  made  of  several  of  these  important  properties. 


Ill ,  TECHNICAL  RESULTS  AND  PLANS 


A,  Gas-Solid  Reactions 


Introduction 

In  the  September ,  1963  Quarterly  Progress  Report  (QPR)  we  discussed 
in  some  detail  the  relationship  between  gas -phase  diffusion  and  the  measurements 
of  the  kinetics  of  gas-solid  reactions.  In  both  that  report  and  the  following 
one  (QPR;  December  1963),  it  ms  pointed  out  that  many  important  corrosive  re¬ 
actions  will  be  diffusion-controlled  at  high  temperatures  under  the  conditions  of 
particular  applications,,  while  under  other  conditions  the  surface  kinetics  may 
determine  the  extent  of  corrosion.  It  is  essential;  therefore;  if  the  effect 
of  a  corrosive  environment  on  a  refractory  material  is  to  be  predicted;  that 
rate  expressions  for  the  potential  reactions  be  available  from  laboratory 
studies  approaching  as  closely  as  possible  the  conditions  of  temperature  and 
pressure  of  that  environment.  However,  because  slowness  of  gas -phase  dif¬ 
fusion  can  interfere  with  the  laboratory  measurements  just  as  it  affects  the 
practical  situations;  it  is  essential  that  apparatus  be  designed  to  minimize 
the  hindrance  of  diffusion.;  to  do  this  it  is  clearly  necessary  than  the  dif¬ 
fusion-limited  case  be  understood  for  each  experimental  arrangement  designed 
to  obtain  kinetic  data  at  high  temperatures. 

Gur  objectives  in  this  program  are,  first,  the  determination  of 
the  surface -controlled  rates  of  reactions  between  gaseous  rocket  exhaust  com¬ 
ponents  and  actual  or  potential  rocket  nozzle  materials  in  the  range  of  tempera¬ 
tures  and  pressures  characteristic  of  rocket  operations,  and,  second,  the 
development  of  methods  of  applying  such  rate  data,  in  conjunction  with  aero¬ 
dynamic  analyses,  to  predict  corrosion  rates  in  the  transition  region  between 
surface  and  diffusion  controi..  To  weigh  the  extent  of  control  by  gaseous  dif¬ 
fusion  we  have  analyzed  and  are  continuing  to  analyze  all  4 :ie  data  obtained 
in  this  program  to  determine  where  diffus tonal  effects  are  important. 

We  have  designed  and  built  a  number  of  experimental  reactors  in 
which  high  mass -transfer  rates  are  achieved  through  use  of  high  velocity  gas 
streams  impinging  in  stagnation  patterns  on  hot  samples;  the  effect  of  this  is, 
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for  a  given  reaction,  to  raise  very  considerably  the  temperatures  at  which 
gaseous  diffusion  becomes  important  in  determining  observed  reaction  rates, 
thus  allowing  the  measurement  of  purely  surface -controlled  reaction  rates  to 
be  made  at  higher  temperatures  than  otherwise  possible.  Section  k-k  continues 
the  development  of  the  theory  of  mass  transfer  in  such  systems. 

Further  results  of  the  study  of  the  oxidation  of  tungsten  by  CO^  in 
our  sub -atmospheric  st agnation -flow  reactor  are  presented  in  Section  A-l_along 
with  a  preliminary  analysis  of  the  kinetics  and  of  the  effect  of  gaseous  dif¬ 
fusion,  flie  material  in  this  section  was  the  basis  for  a  paper  presented 
September  3  at  the  Symposium  on  High -Temperature  Inorganic  Chemistry  sponsored 
by  the  Inorganic  Chemistry  Division  of  the  Chemical  Institute  of  Canada,  in 
Ottawa.  The  first  results  obtained  in  our  higher  pressure  reactor,  also  on 
the  CCh-W  reaction,  are  described  in  Section  A -2, and  an  investigation  of  the 
effect  of  tungsten  structure  on  this  reaction  in  Section  A~3- 

The  experimental  arrangements  described  above,  though  capable  of 
yielding  rate  expressions  at  temperatures  and  pressures  of  direct  interest  in 
rocket  propulsion,  all  operate  under  conditions  that  preclude  observation  of 
the  details  of  the  gas -surface  reaction  mechanisms.  To  obtain  this  type  of 
information  mass -spectrome trie  studies  of  reactions  at  very  low  pressures  are 
being  conducted;  further  details  of  the  investigation  of  the  O^-W  reaction  and 
initial  results  on  some  other  sys terns  are  given  in  Section  A-f>. 


J.M.  Quets,  R. A.  Graff ,  P.N.  Walsh 


1.  Kinetics  of  the  Oxidation  of  W  hy  CO^ 

The  induction-heated  stagnation-flow  reactor  being  used  to  measure 
rates  of  corrosion  of  tungsten  by  carbon  dioxide  at  pressures  below  one 
atmosphere  has  been  described  previously  (March,  1964  QPR  and  June,  1964  QPR). 
Brief3.y,  the  experiments  involve  flowing  a  metered  mixture  of  Ar  and  CO^  at 
room  temperature  in  a  stream  perpendicular  to  one  face  of  a  cylindrical 
tungsten  sample  heated  by  a  current  concentrator.  'The  total  pressure  of  the 
reacting  mixture  is  the  stagnation  pressure  over  the  tungsten  surface  and  the 
temperature  of  the  reacting  surface  is  measured  by  an  optical  pyrometer  during 
the  course  of  the  experiment.  The  rate  of  surface  recession  at  the  stagnation 
point  is  the  desired  reaction  rate;  it  is  ordinarily  multiplied  by  the  ratio 

of  the  density  of  tungsten  to  its  atomic  weight  to  obtain  the  rate  in  moles 
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cm  sec. 

It  was  demonstrated  in  Section  A-3  of  the  June,  1964  QPR  that  under 
some  of  our  experimental  conditions  the  surface  rate  effectively  determines 
the  observed  reaction  rate  while  under  other  conditions  gaseous  diffusion 
severiy  limits  the  rates  attainable.  It  was  reported  in  Section  A-4  of  the 
June  1964  QPR  and  is  demonstrated  in  more  detail  in  Section  A-3  of  this  report 
that  the  reacted  samples  show  different  degrees  of  gross  surface  roughness  as 
the  result  of  reaction,  this  roughness  being  greater  when  the  reaction  occurs 
under  conditions  approximating  surface  rate  control  than  when  gaseous  dif¬ 
fusion  is  important.  Such  differences  in  sample  surface  condition  presumably 
cause  differences  in  emittance  of  the  various  samples  and  hence  in  the  cor¬ 
rection  required  to  convert  brightness  temperature  to  true  temperature.  We 
have  initiated,  but  not  completed,  spectral  reflectance  measurements  on  the 
samples  to  determine  the  emittances.  Therefore,  all  temperatures  in  this 
section,  wThich  are  based  on  an  assumed  invariant  emittance,  are  to  be  con¬ 
sidered  as  provisional. 

During  this  quarter,  data  on  the  corrosion  of  tungsten  with  Ar/COg 
mixtures  were  obtained  for  CO^  stagnation  partial  pressures  of  40,  Ol,  122, 

192,  and  340  torr  over  the  temperature  range  2325-3000°K.  The  partial  pressure 
of  carbon  dioxide  was  varied  by  varying  the  relative  flows  of  CC>2  and  Ar, 
keeping  the  total  flow  (Ar  -1-  CO  )  from  th«  i/4"  diameter  nor.zle  a?  £4  standard 
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liters/minuto  (SLM).  The  total  static  pressure  in  the  reactor  was  300  torr 
and  the  measured  total  stagnation  pressure  was  3A0  torr . 

The  stagnation  point  recession  at  CO^  partial  pressures  of  ItO  and 
8l  torr  was  reported  (June,  19Gb  QPR)  xo  be  linear  with  time.  The  same  be¬ 
havior  was  observed  at  CO^  partial  pressures  of  122  and  3Ji 0  torr  (Figure  A-l). 
The  rates  of  corrosion  at  the  five  different  CO^  partial  pressures  (Figure  A-2) 
all  show  the  same  type  of  temperature  dependence:  At  the  lower  temperatures, 
the  plot  of  log  rate  vs.  reciprocal  temperature  is  linear,  corresponding 
essentially  to  surface -control,  but  at  the  higher  temperatures  gaseous  dif¬ 
fusion  starts  to  compete  with  the  surface  reaction  for  the  slow  step  of  the 
overall  reaction.  This  effect  is  shorn  on  the  isobar  by  a  decreasing  apparent 
activation  energy  as  the  temperature  increases.  At  the  highest  temperatures 
the  rates  at  each  COg  partial  pressure  approach  those  calculated  (cf  June, 

196k  QPR)  for  complete  diffusion  control  (not  shown  in  the  figure). 

Since  in  many  practical  situations  as  well  as  in  our  experiments  it 
is  necessary  to  contend  with  diffusional  interference,  it  is  important  that 
efforts  be  made  to  analyze  the  behavior  of  reactions  in  the  transition  region 
between  surface  rate  control  and  diffusion  control  so  as  to  separate  the  two 
effects.  An  obvious  advantage  to  be  gained  is  the  extension  of  the  temperature 
range  for  which  the  true  surface  rate  nay  be  represented  by  a  formal  rate  equa¬ 
tion;  in  addition,  one  gains  the  power  to  predict  rates  in  the  transition 
region  wherever  the  diffusion,  limit  can  be  estimated.  As  a  first  step  toward 
these  goals  we  have  analyzed  the  data  on  the  COg-W  reaction  obtained  co  date. 

The  first  step  in  this  analysis  is  the  derivation  of  an  approximate  forward 
rate  expression  for  the  surface  controlled  region;  next  this  is  combined  with 
a  mass  transfer  treatment  and  some  simple  assumptions  about  the  reverse  re¬ 
action  and  attempts  mad  3  to  predict  the  transition  region.  UltimaJ  ,  \y ,  we  hope 
to  be  able  to  use  the  transition  region  data  alone  to  derive  the  sn*-  °ace  rate 
expression. 

To  obtain  a  trial  surface  rate  expression  we  treat;  the  data  on  the 
assumption  that  diffusional  effects  are  negligible,  i.e.  that  the  effective 
COg  pressure  is  the  free  stream  value.  This  assumption  ought  to  be  quite  good 
at  the  lowest  temperatures  and  get  progressively  worse  at  higher  where  diffusion 
affects  the  rates  more.  Employing  this  approximation,  plots  of  the  dependence 
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of  corrosion  rate  on  CC^  partial  pressure  at  several  temperatures  (Figure  A-3) 


were 


derived  from  the  temperature -dependence  curves ;  Figure  A -2.  The  shapes 


of  these  rates  vs  PCQ  curves  suggest  that  the  following  empirical  equation 
(sometimes  referred  to  as  a  Langmuir- type  rate  equation)  may  he  an  appropriate 
representation  of  these  results. 


a  P, 


CO, 


Rate  ~ 


(1) 


1  +  b  PC0g 

The  constants  a  and  b  are  assumed  to  be  temperature  dependent: 

-oc/rT 
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b  =  Be 
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(21) 

(3) 


At  a  given  temperature  a  and  b  may  be  obtained  from  equation  1  by 
taking  the  reciprocals  of  both  sides: 


Kate  a  P, 


C0r 


(4) 


and  plotting  reciprocal  rate  vs  X/p^q  ;  the  slope  is  then  l/a  and  the  inter¬ 
cept  b/a.  Replotting  the  data  of  Figure  A-3  in  this  way  (Figures  A -4  and  A- 5) 
yields  values  of  a  and  b  that  have  the  temperature  dependence  required  by 

equations  2  and  3  (Figure  A -6*  and  A-7)  up  to  approximately  2600°K.  From  the 

~2 

slopes  and  intercepts  of  Figures  A-6  and  A-7  we  obtain  A  -  13,000  moles  cm 
sec  P  atm  ^ ,  B  =  92.4  atm  ^  y  a  =  SO  kcal/mole  ^  and  (3=  23  kcal/mole  P .  The 
value  of  a  is,,  as  expected,  slightly  greater  than  the  apparent  activation 
energy  that  would  he  derived  from  the  linear  portions  of  Figure  A-2;  the  value 
of  3  however,  is  surprising,  teing  of  the  opposite  sign  to  what  would  be  pre¬ 
dicted  by  any  of  a  variety  of  mechanisms  that  might  lead  to  a  rate  expression 
of  the  form  of  Equation  1. 

At  the  stage  at  which  it  was  necessary  to  choose  a  form  of  forward 
rate  expression  to  use  in  the  combined  kinetics --mass-transfer  treatment 
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Above  2575°K>  values  of  a  were  not  obtained  from  the  l/.rate  vc 
because  these  were  not  clearly  linear;  instead,  the  initial  slo 
rate  vs  Pqq  curves  (Figure  A-3)  were  urc”  for  a  above  this 


Vpco2  plot 

•er  of  the 
emnera  :.rro . 


described  below,  it  was  recognized  that  this  discrepancy  was  most  probably 
due  to  back  reaction  (owing  to  products  piling  up  at  the  surface  because  they 

_  q  /  pm 

cannot  diffuse  away  as  rapidly  as  formed)  being  hidden  in  the  term  B  pQQ^e 
whether  such  a  term  was  genuinely  important  was  questionable.  Nevertheless,  it 
was  included . 


This  being  our  first  attempt  at  a  combined  kinetics--mass-transfer 
calculation,  we  have  written  a  computer  program  specific  for  the  COg-W  system, 
leaving  for  later  the  type  of  general  approach  that  was  used  in  the  considera- 
qQv«-.QQv;-ev"Qq] »ri  reactions  alone  (March,  June,  196^  QPR).  A  major 


simplification  has  been  introduced  from  the  start:  since  there  is  only  one 
experimentally  measured  quantity,  the  rate  of  loss  of  tungsten,  we  have  con¬ 
sidered  this  loss  to  occur  through  one  reaction  only,  viz. 


CCUg)  +  ~  W  — >  1/S  W  O  (g)  +  CO(g).  (5) 

This  reaction  was  chosen  because  our  previous  calculations  for  the  diffusion 
limit  (March,  1964  QPR)  indicated  that  V  0^  was  the  principal  tungsten-con¬ 
taining  species  expected  in  the  temperature  range  of  our  experiments  when  the 
reaction  is  diffusion  controlled.  The  measurements  at  40  torr  COg  and  8.06  SIM 
total  flow  reported  in  the  June,  1964  QPR  indicated  that  the  rate  vs  tempera¬ 
ture  curve  goes  over  smoothly  from  the  apparently  surface -rate  controlled  to 
the  apparently  diffusion- controlled  condition;  hence  we  have  assumed,  for  the 
present  at  least,  that  reaction  5  is  the  principal  reaction  to  be  considered 
under  all  conditions  encountered  in  this  study. 


In  the  combined  diffusion-kinetic  treatment  we  first  write  the  rate 
equation  in  the  form 
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where  r  is  the  molar  rate  of  loss  of  tungsten,  the  P's  are  partial  pressures 
at  the  reaction  interface,  and  K  is  the  equilil  rium  corntant  for  reaction  1‘  . 
The  first  term  on  the  right  is  the  forward  rate  expression  and  the  second;  a 
simple  back-reaction  expression  where  the  reverse  rate  of  r-^ac  *  n  o»i  1  -  •  ■-  cjpc’i^rnt.: 
to  be  proportional  to  the  partial  pressures  of  the  nr  tins:  s  raised  rowers 


equal  to  the  coefficients  in  reaction  5-  The  "back  reaction  term  was  chosen 
to  cause  the  rate  to  go  to  zero  when  the  gas  composition  at  the  reaction 
interface  satisfies  the  equilibrium  constant  for  reaction  5. 


For  each  of  the  gaseous  species  in  reaction  5  we  write  a  diffusion 


equation 


v.r 
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=  k.  (PI  -  P. ) 

j  j  j 


(T) 


where  r  and  P  have  the  same  significance  as  in  equation  6,  v.  is  the 
J  J 

stoichiometric  coefficient  of  the  jth  species  in  reaction  5,  PJ.  is  the  free 

stream  partial  pressure  of  the  jth  species,  and  kj  its  transport  coefficient 

given  by  (cf  September,  December,  19&3  QPR) 
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C  D.  Nu 

..  .  IP1 
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(8) 


where  c  is  the  gas  concentration,  d  the  characteristic  dimension  of  the  system, 

D.  the  mean  diffusion  coefficient  and  P„.  the  "film  pressure  factor"  for 
jm  fj 

component  j,  and  Nu  the  Nusselt  number  for  mass  transfer  in  the  system. 

Solution  of  equations  6  and  J  for  r  should  yield  the  corrosion  rate  over  the 
whole  temperature  range,  including  the  reaction-controlled,  transition,  and 
diffusion-controlled  regions . 


Trial  runs  were  made  with  this  scheme  using  the  constants  A,  B,  a, 
and  13  derived  as  described  above  from  the  data  below  2575°K-  The  shape  of  the 
isobars  (Figure  A-2)  reproduced  very  well  though  the  calculated  rates  were 
always  lower  than  the  observed;  this  discrepancy  appeared  to  be  due  to  the 
neglect  of  the  back  reaction  term  in  the  earlier  treatment  having  attributed 

_  /xyn 

undue  importance  to  the  term  BP^q  e  'J  J' .  The  qualitative  fit  encouraged  us 
to  attempt  to  derive  values  of  the  constants  in  the  rate  equation  by  fitting 
the  data  to  equations  6  and  7  by  a  least  squares  method,  a  non-linear  least 
squares  program  applicable  to  this  type  of  problem  being  available  in  the 

Computer  Center  library.  In  undertaking  this  it  was  thought  advisable  to 

recognize  the  uncertainty  in  the  estimated  diffusion  limit,  i.e.  in  Nu.  The 

(i  ) 

correlation  we  have  been  using  for  mass  tr&  ■'for  in  this  reactor  gives 

Hu  =  O.167  Re°,ol|Sc1//3  (9) 


(l)  V.  A.  Smirnov,  G.  E.  Verevochkin,  and  P.  M.  Brdlick,  Int .  J.  Heat  and 
Mass  Transfer  2,  1  (1561.). 
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where  Re  and  Sc  are  the  Reynolds  and  Schmidt  numbers  for  the  flowing  gas . 

Within  the  range  of  variation  in  gas-flow  conditions  employed  here  this  may 
be  approximated  by 

Nu  =  Mu'  (F/F' )2^3  (10) 

where  Mu'  is  a  "reference"  bus sell  number  evaluated  for  a  "reference"  mass 
flow  rate  F'  and  F  is  the  mass  flow  rate  for  a  particular  experiment.  An 
approximate  value  of  Wu'  was  computed  from  the  properties  of  argon  gas  and  Nu 1 
was  made  a  parameter  to  be  fitted  in  the  least  squares  calculation  along  with 
A,  B,  a.,  and  B  from  the  rate  equation. 

Testing  of  the  least  squares  curve  fitting  program  has  been  carried 

forward  using  the  provisional  temperatures  in  order  to  investigate  the 

efficiency  of  the  program  and  determine  what  quality  of  fit  is  to  be  expected. 

The  results  obtained  after  hO  iterations,  in  which  a  true  minimum  in  the  sum 

of  the  squares  of  the  rate  residuals  was  not  obtained,  are  shown  in  Figures  A-8 

to  A-10.  The  model  chosen  provides  a  reasonable  description  of  the  behavior 

of  the  system,  at  least  at  the  higher  COg  pressures  and  flow  rates.  The  number 

of  cycles  of  adjustment  required  indicates,  however,  that  the  fitting  routine 

is  not  very  efficient.  This  difficulty  arises  from  the  insensitivity  of  the 

calculated  rates  (and  therefore  the  sum  of  squares  of  residuals)  to  the 
-3/RT 

term  B  PgQ0e  which  appears  in  the  denominator.  Relatively  large  changes 

in  the  strongly-coupled  parameters  B  and  3 ,  if  in  the  opposite  sense,  affect 

the  residuals  very  little;  the  program  has  apparently  been  wasting  a  lot  of 

time  in  trials  of  this  type  of  adjustment.  While  the  constants  B  and  3  are 

very  poorly  defined,  so  that  it  is  premature  to  draw  conclusions,  it  is 

interesting  that  the  computer  achieves  its  best  fit  (to  date)  by  making  p 

-  3  /  RT 

negative;  this,  and  the  observation  that  the  term  B  Pqq  e  1  is  about  5-6 <j> 
of  the  denominator  for  the  high c-mri;  COg  pressures  employed  suggests  that  the 
term  may  have  a  real  significance.  Higher  pressure  CO^  data  are  desire able 
to  help  decide  this  point  ~  initial  results  obtained  in  our  high  pressure 
stagnation -flow  reactor  are  described  in  section  A-2. 

The  data  obtained  at  4(3  torr  C0g  at  a  total  flow  rate  of  8  SLM  are 
seen  (Figure  A-10)  to  be  least  well  fitted  by  the  model  chosen;  though,  the 
absolute  deviations  between  observed  and  calculated  rates  are  approximately 
the  same  magnitude  for  this  ir.orar  as  for  all  the  others,  in  this  case  the 


deviations  are  systematic.  It  is  possible  that  this  is  a  result  of  the 
emittance  uncertainty;  if,  as  hypothesized,  the  samples  reacted  under  con¬ 
ditions  more  nearly  reaction-controlled  have  higher  emittanoes  than  those  more 
nearly  diffusion  controlled,  then  most  of  the  84  SIM  curve  and  the  lower 
temperature  region  of  the  8  SIM  curve  in  Figure  A-10  would  be  shifted  to  lower 
temperatures  and  a  better  qualitative  agreement  between  observed  and  calculated 
temperature  dependences  obtained.  Alternatively,  it  is  possible  that  the 
backward  reaction  rate  expression  chosen  for  consideration  is  not  the  best 
choice.  The  8  SIM  curve,  which  most  closely  approaches  the  diffusion  limit, 
is  most  sensitive  to  the  back  reaction  term  in  the  rate  equation.  Further 
information  pertinent  to  the  question  of  the  proper  back-reaction  expression 
is  being  soughithrough  study  of  the  corrosion  by  mixtures  of  COg  and  CO. 

The  rates  of  corrosion  an  different  CO/COg  ratios  in  the  reacting 
gas,  obtained  by  mixing  varying  flows  of  COg  and  CO  with  a  fixed  flow  of  Ar, 
are  compared  in  Figure  A-U .  The  lines  through  each  data  set  were  drawn 
parallel  to  the  CO/COg  =  0  isobar  line.  For  the  data  obtained  thus  far,  the 
flow  of  Ar  was  kept  constant  at  SIM  and  the  total  flows  of  COg  +  CO  at  30 
SIM.  The  static  pressure  in  the  reactor  was  300  tcrr.  These  conditions  were 
chosen  for  ease  of  comparing  the  Ar-00o-C0  data  with  the  previous  Ar-C0g  data. 
For  a  C0/C0g  =  0  ratio,  the  COg  stagnation  partial  pressure  was  122  torr. 

Detailed  analysis  of  these  results  is  under  way. 

Future  Work 

The  amount  and  type  of  further  experimental  work  to  bo  done  on  the 
C0g-W  reaction  will  be  decided  on  the  basis  of  the  analysis,  which  is  continuing. 
At  present  it  appears  that  higher  pressure  data  are  most  needed,  so  emphasis 
will  be  given  to  this  phase  of  the  work. 

Modification  of  the  sub-atmospheric  pressure  reactor  for  the  study  of 
the  tungsten/ water  vapor  reaction  lias  begun.  The  water  vapor  will  be  supplied 
by  a  6  KW  electric  boiler  capable  of  de? ivering  20  lbs .  of  vapor  per  hour  at  a 
maximum  pressure  of  100  PSIG.  The  boiler  will  be  fed  with  distilled  water.  The 
water  vapor  will  be  metered  by  a  critical  flow  nozzle  and  mixed  with  a  preheated 
flow  of  Ar .  All  connections  to  the  reactor  and  the  nozzle  will  be  heated  tc  a 
constant  temperature  to  avoid  any  condense- ion  of  water  vapor. 

This  investigation  will  te  started  a.'  soon  as  the  oqzivnen:  has  boor. 
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FIGURE  A  -  2  TEMPERATURE  DEPENDENCE  OF  CORROSION  OF  W  BY  C02  AT 
SEVERAL  COo  PRESSURES 


FIGURE  A  -  Si  PRELIMINARY  LF  AST-SOUARTS  FITS  AT  19?  .  a  and  340  TORR  C CM 


FIGURE  A  -  10  PRELIMINARY  LEAST  SQUARES  FIT  AT  40  TORR  CO 


2.  High-Pressure  Stagnation-Flow  Reactor 


J.E.  Smith.,  J.M.  Quets 


This  induction  heated  reactor  was  described  in  detail  previously 
(June,  1964  QPR).  The  flow  measurement  apparatus  has  been  assembled  and 
tested.  Because  cf  arcing  problems,  it  was  found  necessary  to  maintain  a 
nitrogen  atmosphere  in  the  region  around  the  induction  coil;  the  reactive 
atmosphere  is  confined  to  the  region  around  the  sample  and  the  field  con¬ 
centrator  . 

The  originally  designed  sample  support,  a  3"  split  tungsten  sleeve 
cut  from  a  porous  tungsten  bar,  deteriorated  rapidly  in  atmospheres  containing 
COp  and  was  replaced  by  a  1/8"  diameter  tungsten  rod  inserted  in  the  center  of 
the  sample  bottom. 

Data  were  taken  in  the  20S0  to  2850°K  temperature  interval 

(Figure  A -12).  The  flow  of  COp  from  the  1/4"  nozzle  was  100  SLM;  no  argon  was 

added.  The  static  pressure  was  1020  torr  (19-7  PSIA);  this  corresponds  to  a 

h 

nozzle  velocity  of  0.334  x  10  cm/sec  and  a  stagnation  pressure  of  1033  torr. 
Under  these  conditions  it  was  observed  that  the  temperature  dropped  about  ^>0°C 
during  the  course  of  an  experiment  (l-2  minutes)  -  at  200  SLM  a  drop  of  as  much 
as  100°C  in  3^  seconds  was  observed.  The  temperatures  plotted  in  Figure  A-12 
are  estimated  average  temperatures;  nevertheless  the  results  are  reasonably  con¬ 
sistent.  The  apparent  activation  energy  up  to  about  2"(00°K  is  78  kcal/mole  in 
reasonable  accord  the  86  kcal/mole  obtained  at  lower  C0^  pressure  with  the  Icw- 

a 

pressure  reactor. 

A  nozzle  of  smaller  diameter  will  ce  tried  in  the  hope  of  eliminating 
the  temperature  drops  encountered  at  the  higher  flow  rates  and  pressures.  In 
addition,  the  use  during  the  pre --react- ion  period  of  an  argon  flow  greater  than 
the  COp  flow  planned  for  the  reaction  period  will  be  tried;  this  procedure  has 
been  successfully  employed  in  the  sub-atmospheric  reactor  to  eliminate  tempera¬ 
ture  drops . 

Future  Work 

Study  of  the  CO^-W  reaction  will  be  continued  •.>  supply  the  data 
required  to  complement  the  studies  descril  eci  in  Section  A-]. 


Log  Rate  cf  Corrosion  (moles  cm 


I.R.  Ladd,  P.N.  Walsh 


3.  Arc-Image  Reactor  Studies 


The  study  of  the  oxidation  of  99 •  7$  dense  Linde  tungsten  In  C0p 
using  stagnation-flow  geometry  has  teen  continued  during  this  quarter.  At  a 
C0p  partial  pressure  of  100  torr  and  a  gas  velocity  of  9000  cm/sec ,  a  linear 
relation  of  log  corrosion  rate  to  reciprocal  temperature  is  found  between 
2200  and  2600°K  (Figure  A-L3),  consistent  with  data  obtained  at  Lower  gas 
velocities  in  the  previous  quarter  (June,  1964  QPR ) .  The  apparent  decrease 
in  corrosion  rate  with  increase  in  gas  velocity  may  be  caused  by  incorrect 
temperature  assignments  as  discussed  below. 


The  temperature  dependence  of  C0g  attack  In  the  predominantly  surface - 
controlled  regime  has  also  been  measured  for  several  kinds  of  tungsten.  The 
results  from  one  fully  dense  and  two  lower  density  tungstens  (Figure  A-lU), 
show  one  of  the  lower  density  tungsten  to  give  the  same  rates  as  the  high 
density  material,  while  the  other  corrodes  at  rates  up  to  twice  as  fast.  This 
significant  difference  in  reaction  rate  he  tween  the  twc  low-density  Rembar 
tungstens  does  not  seem  to  be  related  bo  density,  but  rather  to  some  directional 
structure  in  the  original  rods.  The  specimens  of  the  98.1$  dense  tungsten 

q 

(18.90  g/crrr)  which  were  cut  normal  to  the  axis  of  the  original  rod,  developed 
many  deep  crevices  during  reactioi  .  ilie  those  of  the  97-^$  dense  material 

q 

(l8.75  g/cirr),  cut  parallel  tc  the  rod  axis,  developed  only  a  few  crevices, 
most  of  which  ran  roughly  parallel  to  the  rod  axis.  Possibly  during  the 
manufacturing  process  networks  of  voids  or  impurities  are  formed  that  are 
attack  ’d  to  become  the  crevices  deeply  etched  into  the  sample .  A  further 
study  of  tiiis  point  will  be  mace  v.i pieces  of  the  came  cylinder  cut  in  loth 
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samples  remained  quite  smooth.  At  2500-2600°K  the  main  topological  feature 
of  interest  was  the  appearance  of  etch  pits,  some  quite  large.  At  2300°K 
the  etch  pits  were  smaller  and  less  prominent,  and  an  intragranular  terracing 

effect  became  the  predominant  feature.  All  the  arc-melted  samples  remained 
well  enough  polished  that  the  emittance,  measured  as  described  below,  did 
not  change  significantly  during  reaction.  The  last  picture  in  Figure  A-15 
shows  the  oxidized  surface  of  tungsten  plated  on  tungsten  using  fused  salt 
technique.  Although  after  oxidation  the  surface  was  rougher  than  the  arc- 
melted  tungsten,  it  remained  substantially  more  reflective  than  the  less  than 
fully-dense  tungsten.  The  oxidation  rate  of  this  one  sample  fell  on  the  line 
generated  in  Figure  A-l4  by  the  arc-melted  tungsten. 

The  severe  erosive  attack  upon  the  Rembar  tungsten  made  it  necessary 
to  measure  emittance  values  in  order  to  determine  the  true  temperatures.  The 
tungsten  pieces  for  which  data  are  shown  in  Figure  A-l4  were  polished  on  the 
front  surface  before  reaction  to  remove  marks  introduced  during  preparation; 
eke  temperature  corrections  applied  were  based  upon  emittances  measured  by  re- 
polishing  one-haxf  of  the  reacted  surface  and  then  comparing  the  brightness 
temperatures  of  the  repolished  ana  unpolished  halves  while  heating  the  sample 
in  argon.  Assuming  emissivity  of  0.44  for  the  polished  half,  the  emittance 
of  the  unpolished  half  was  calculated  from  the  apparent  difference  in  tempera¬ 
ture  of  the  two  halves.  The  emittances  of  the  98. 1  °jo  and  97*4 %  >nse  Rembar 

tungsten  varied  between  0.8 6-0.99  and  0.46-0.64  respectively.  Ti  j  ■"  "*v  high 
emittances  were  probably  caused  by  the  network  of  deep  crevices  eroded  into 
the  front  faces  of  these  samples. 


Emittance  determinations  were  not  made  on  the  samples  represented 
in  Figure  A-13  even  though  microscopic  examination  of  the  surfaces  after 
reaction  (Figure  A-l6)  shows  that  at  the  same  brightness  temperature  thev 
were  rougher  after  reaction  at  9000  cm/sec  than  at  2000  cm/sec.  The  tempera¬ 
ture  uncertainty  introduced  by  not  correcting  for  emittance  is  much  less  with 
the  99 .  J°/o  dense  Linde  tungsten  than  -would  have  been  the  case  with  the  less 
dense  Rembar  tungstens . 


assembled 
should  be 


Equipment  for  using  HF  as  the  reactive  component  of  the  gas 
and  tested.  Experimental  difficulties  still  exist  :ut  seme 
forthcoming  next  quarter. 
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FIGURE  A  -  13  TEMPERATURE  DEPENDENCE  OiF  THE  CORROSION  RATE 
OF  LINDE  TUNGSTEN  IN  C0'2 
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FIGURE  A  -  14  TEMPERATURE  DEPENDENCE  OF  THE  CORROSION  RATE  OF 
SEVERAL  TUNGSTEN  SAMPLES  IN  C02 


d.  Arc-melted  2325  K 


e.  Arc-melted  2275  K 


f.  W  Plated  on  W  2470  c  K 


FIGURE  A  -  15  OXIDIZED  SURFACES  OF  FULLY  DENSE  TUNGSTEN  AFTER  3.0 

MINUTES  EXPOSURE  TO  100  TORR  C02  FLOWING  AT  9000  CM/SEC. 
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SURFACE  OF  99.7 *  DENSE  LINDE  TUNGSTEN  AFTER  3.0 
iXPGSURE  TO  80-100  TORR  CO. 


FLOWING  AT  THREE 


4 .  Analysis  of  Stagnation-Flow  Reactors 


R.A.  Graff,  P.  N.  Walsh 


The  approach  taken  to  the  treatment  of  stagnation-flow  reactors  was 
described  in  the  March,  1964  QPR,  p.  111-23  ff.  In  the  solution  to  the  ex¬ 
ternal  flow  problem  given  there,  compressibility  effects  were  included  as  a 
perturbation,  to  the  first  order,  to  the  velocity  potential  for  an  incompress¬ 
ible  fluid .  The  solution  has  been  extended  to  the  second  order  during  this 
quarter . 

Differential  equations  for  the  stagnation  line  in  the  boundary 
layer  were  given  in  the  June,  1964  QPR  (p.  Ill -30  ff.).  During  this  quarter, 
a  computer  program  for  the  numerical  solution  of  these  differential  equations, 
along  with  auxiliary  subroutines  required  for  the  estimation  of  the  physical 
properties  of  the  gas  mixtures,  has  been  written  and  tested. 

The  Exterior  Flow  Problem.  -  The  Rayleigh -Janzen  method  (March, 

1964  QPR,  p.  Ill -24  ff.)  has  been  carried  to  the  second  perturbation  order. 

The  resulting  velocity  distribution  is 
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The  details  of  solution  will  be  presented  in  a  technical  report  to  be  issued 
in  the  next  month. 
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Certain  results  given  in  March,  1 964  QPR  have  been  found  to  be  in 
On  p.  Ill -28  and  29,  Eqns.  24,  26,  and  27-29  should  be  corrected  to 
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hese  changes  have  a  small  effect  on  Figs.  A-15  and  A-l6  but  do  not  modify 
the  conclusions  expressed  on  p.  III-29  regarding  streamlines  and  velocity 
distributions . 


Estimation  of  Physical  Properties.  -  The  differential  equations 
describing  the  boundary  layer  region  (June,  19c4  QPR,  Table  A-li)  require 
expressions  for  mixture  physical  properties  in  terms  of  temperature,  pressure, 
and  composition.  The  expression 


a . 
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(1^ 


was  adopted  for  the  heat  capacity  anu  me  constants  evaluated  for  individual 
species  by  the  method  cf  least  squares  from  data  tabulated  in  reference  1.  To 
estimate  transport  properties,  ve  have  chosen  the  kinetic  theory  expressions 
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2  3 

as  quoted  by  Broliav.  Tables  of  collision  integrals  for  these  expressions 

-x-  . 

have  been  reduced  to  polynominals  in  hi  T  (using  the  nomenclature  of 
reference  2).  The  results  are 

=  1.58378  -  0.71595  (£n  T*)  +  0.24702  (in  T*)2 

-  0.0^195 6  (in  T*)3  +  0.0025925  (in  T*)  ^  (2) 

for  the  viscosity  and  thermal  conductivity,  and 

n(l,1)  =  lt441Tij  _  0.67270  (in  T*)  +  0.2515^  (in  T*)2  -  0.04-7295  (in  T* ) 

J, 

+  0.0032282  (in  T  )  ,  (3) 

for  the  diffusivity.  These  equations  reproduce  the  tables  with  a  maximum 
.  *  . 

deviation  of  3 1°  above  T  =0.4. 

Computer  subroutines  for  the  calculation  of  the  mixture  transport 
properties  were  prepared  for  use  with  the  program  for  solving  the  stagnation¬ 
line  equations . 

numerical  Solution  of  Approximate  Stagnation-Line  Equations.  -  A 
program  toe  written  for  the  numerical  solution  of  the  stagnation-line  equations 
by  forward  integration  from  assumed  conditions  at  the  solid  surface.  This  pro¬ 
gram  employs  a  library  routine  based  on  the  Runge-Kutta  and  Adams  Methods. 

For  use  with  this  routine,  the  differential  equations  were  expanded,  fcy  the 
introduction  of  ret:  dependent  variables,  to  a  system  of  first  order  equations. 
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Tests  of  this  program  shoved  that  the  integration  scheme,  as  ’.Titten, 
was  unstable.  Steps  to  remove  the  instability  are  b^ing  explored. 

Future  Work .  -  The  exterior  flow  solution  is  now  available  up  to 
the  second  perturbation.  This  is  expected  to  provide  sufficient  accuracy  and 
no  further  work  on  the  external  solution  is  planned.  Since  the  computer  pro¬ 
gram  prepared  to  solve  the  boundary  layer  equations  has  proved  unstable,  it 
will  be  modified. 


5.  Mass- Spectrome trie  Studies 


O.C.  Trulson  &  P.  Schissel 


a.  Tungsten-Oxygen  System  —  Sticking  Probability 

From  a  variety  of  measurements  on  the  pressure  and  temperature 
dependences  of  the  products  of  the  tungsten- oxygen  reaction  a  plausible 
kinetic  model  has  been  deduced  which  fits  the  experimental  data.  The  model 
involves  two  distinct  types  of  sites  for  oxygen  adsorption,  the  first  charac¬ 
teristic  of  bare  tungsten  and  the  second  of  a  surface  already  covered  with  a 
monolayer  of  oxygen.  The  observation  that  nearly  every  C>2  molecule  impinging 
upon  bare  tungsten  at  2900°K  dissociates  to  2  0(g)  indicated  that  the  sticking 
probability  for  0 on  the  first  type  of  adsorption  site  is  nearly  unity  and 
led  us  to  set  this  parameter  of  the  model  equal  to  unity  for  all  temperatures. 

Wo  direct  test  similar  to  this  was  available  for  the  sticking  probability  on 
the  second  type  of  adsorption  site,  but  it  was  also  set  equal  to  unity.  A 
direct  experiment  has  now  been  performed  that  bears  on  the  sticking  probability 
on  the  second  layer. 

The  experimental  arrangement  is  shown  in  Figure  A-1J.  Two  independ¬ 
ently  heated  filaments  were  mounted  facing  each  other  on  a  moveable  platform 
such  that  either  filame'',t  could  be  positioned  under  the  shutter-slit  entrance 
to  the  mass  spectrometer.  Filament  f^  was  heated  to  2600°K  in  ambient  oxygen 
and  the  atomic  oxygen  produced  was  measured  directly  from  the  top  surface  of 
this  filament.  The  platform  was  then  moved  to  position  filament  f^  under  the 
shutter  slit,  the  filament  was  heated,  and  the  products  from  f^  were  observed 
(WOg,  WO^,  ^  w2°6>  Wq 0C).  Because  of'  the  close  proximity  of  the  two  filaments 
(''\040"),  a  large  fraction  (approximately  one-third  as  determined  by  measuring 
the  0(g)  wiiich  is  produced  ty  f -|  and  reflected  from  fg  when  f  is  not  heated) 
of  the  products  from  f^  impinged  upon  f .  With  f^  at  2600°K  the  principal  pro¬ 
duct  of  reaction  is  atomic  oxygen,  confirmed  l?y  the  direct  measurement  above. 

No  significant  difference  in  the  rate  of  production  of  WCf, .  WO.,,,  W^Og,  and  Wys^ 
was  observed  from  the  second  filament  at  any  temperature  with  f  cn  or  off, 

/hich,  in  terms  of  the  kinetic  model,  implies  that  the  sticking  probability  on 
the  second  type  of  adsorpti  ?  site  is  independent  of  whether  atomic  or  molecular 
oxygen  in  the  impingin'-  gas  Since  one  would  expect  a  high  sticking  coefficient, 
for  atomic  oxy.'on  these  si  cerva;  ions  confirm  the  hi.-di  stickier  probability  for 

Ov-  on  the  second  t.voe  of  adsorption  s.ioe  tha1  war  a;  turned  in  our  vrevi  our.  cal- 
2 

cniai  i  out . 


Other  System?; 


The  measurements  on  tungsten -oxygen  are  essentially  completed  and 
have  been  followed  by  a  number  of  qualitative  observations  on  other  systems 
prior  to  more  detailed  studies  of  the  more  interesting  ones. 

1)  Nb-Og  and  OJa-O 

Copious  amounts  of  NbO(g),  NbOg(g),  TaO(g),  and  TaOg(g)  were 
observed,  but  no  0(g).  The  oxide  signals  in  addition  to  being 
dependent  on  pressure  and  temperature,  were  time -dependent . 

It  is  presumed  that  this  time  dependence  is  due  to  diffusion 
of  oxygen  into  the  solid  phase. 

2)  W-CO  and  W-CO 

2 

Preliminary  to  running  CO^,  tungsten  was  heated  in  the  presence 
of  00.  At  2500°C  brightness  temperature  only  trace  amounts  of 
0(g)  and  C(g)  were  observed  and  no  tungsten  oxide  signals  were 
detected  at  any  temperature.  It  is  concluded  that  while  CO 
might  inhibit  reaction  of  COg  by  virtue  of  interaction  or.  the 
surface,  the  direct  products  from  CO  will  be  nil. 


O 


Studies  of  the  reaction  cf  C0g  with  tungsten  were  begun  ana 
are  complicated  from  the  experimental  standpoint  when  compared 
to  the  0  -W  system  because  the  oxide  products  are  .less  abundant 
while  CO  and  0g(g),  which  can  cause  secondary  reactions,  are 


found  in  relatively  large  amounts,  The  first  measurements  at 

about  2&00°K  indicate  that  0(g)  is  formed  from  C0_  in  an 

d 

al  nr.dance  comparable  to  that  from  02(g).  Small  amounts  of  W02 

and  W0( g )  are  ob  served,!  ut  tfOg(g)  is  less  abundant  than  V.'O(g), 

while  the  reverse  is  tru--  for  the  0  reaction. 

2 


Results  of  measure rser. he  on  this  system,  currently  underway,  were 
rxpecie-:  to  :  •»  similar  tt  those  from  the  W-C  react  ion .  Oualita- 
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are  s soiree.  However,  M.Oy.  )  is  „b  served  ic  relatively  lar 
a:  ;.ndar.f"!  counjarod  *  ~  *  no  V.’C  from  tin  0,-r.nr.--s  t.a:-.  :var!  ion . 


c.  Future  Work 


It  is  planned  to  continue  with  detailed  measurements  of  the 
temperature  and  pressure  "ependences  of  the  species  observed  -with  the  Mo-0 
system  and  with  further  exploratory  measurements  on  the  COg-VJ  system. 


To  Mass  Spectrometer 


FIGURE  A  -  17  SCHEMATIC  VIEW  OF  APPARATUS  USED  FOR  REACTION 
OF  ATOMIC  OXYGEN  AND  TUNGSTEN 


6.  Rocket-Nozzle -Insert  Test-Analysis  Program 


R.I.  Gray 


A  new  high  pressure  liquid  motor  for  insert  corrosion  prediction 
studies  (as  discussed  in  June,  19&*  QPR)  is  being  designed  and  will  be  built 
by  the  Propulsion  Laboratory,  Directorate  of  Research  and  Development,  Army 
Missile  Command,  Huntsville,  Alabama.  Design  details  on  the  test  tungsten 
nozzle  inserts  have  not  yet  been  furnished  us  so  the  inserts  are  still  to  be 
fabricated . 


Cn  the  assumption  that  the  nozzle  insert  outside  diameter  would  not 
exceed  1-1/2  inches  full  density  tungsten  rod  of  this  diameter  has  been 
obtained  from  General  Electric.  Samples  of  this  tungsten  rod  are  being  pre¬ 
pared  for  testing  in  the  arc-image  furnace  tc  compare  its  reaction  rates  with 
those  obtained  with  other  full  density  tungstens. 

It  seems  certain  that  reaction  rate  kinetics  at  the  nozzle  insert 
will  influence  the  reaction  rate  of  the  tungsten  insert  during  the  motor 
firing  period.  To  calculate  the  quantitative  effects  of  reaction  kinetics  on 
insert  recession  rate  it.  is  necessary  to  know  the  insert  surface  temperature 
history  during  the  motor  firing.  A  number  of  calculations  have  therefore  been 
carried  out  on  a  geometry  which  approximates  the  nozzle  insert  dimensions 
anticipated  for  the  motor  test  program.  The  initial  calculation  assumed  a 
UEMH-NgO^  (36-62  wt .  fo)  combustion  mixture  at  a  chamber  pressure  of  1000  psi. 

T.  thoat  diameter  was  assumed  to  be  1/2”  inch  and  the  outside  insert  diameter 
to  be  l-l/2".  Heat  transfer  coefficients  were  estimated  from  tne  simplified 
Bartz  equation  with  all  physical  properties  evaluated  at  film  temperature  con¬ 
ditions.  The  temperature  transients  within  the  insert  materials  were  calculate 

* 

from  temperature  tables  for  the  one -dimensional,  one-layer  cylindrical  shell  . 

It  was  assumed  that  the  outside  surface  of  the  insert  would  be  adiabatic.  From 
these  calculations  it  was  possible  to  ol tain  the  nozzle  insert  surface  tempera¬ 
ture  history  fcr  the  case  of  a  non-seceding  interface.  In  addition,  the  time 
dependent  temperature  gradients  within  the  insert  material  were  also  obtained. 


With  these  calculations  It  vril 3  In  poo 
surface  recession  rate  and  surface  position,  ar  a 
data  thermocouple  placements  Jr  the  appropriate 
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sert  interior  temperatures  can  be  obtained.  In  addition,  knowledge  of  the 
temperature  gradients  within  the  insert  materials  will  make  possible  estimates 
of  the  elastic  thermal  stresses  generated  in  the  insert.  Mechanical  failure 
of  the  nozzle  insert  thus  may  be  anticipated. 


B.  Physical  and  Mechanical  Properties 


1.  High-Temperature  X-ray  Studies  F,  G.  Keihn 

Our  least-squares  program  for  computing  the  lattice  parameters  of  a 
crystal  from  observations  of  the  (indexed)  diffraction  pattern  of  a  powder 
sample ,  described  in  previous  quarterly  reports,  has  been  studied  further  and 
checked  using  a  standard  tungsten  powder  sample  obtained  from  W.  Parrish  (Acta 
Cryst.  13,  838  (i960)).  The  results  from  four  runs  on  the  Siemens  diffracto¬ 
meter  are  given  in  Table  B-I.  The  program  corrected  the  lattice  constant  for 
the  errors  from  the  flat-specimen  geometry  and  for  the  specimen-displacement 
from  the  diffractometer  axis.  The  values  obtained  are  in  excellent  agreement 
with  the  average  of  the  values  obtained  by  10  laboratories  In  Parrish's  study. 
The  values  obtained  by  the  center-of-gravity  method  are  consistently  low  by 

O 

about  O.OOO3A  A:  our  techniques  cf  measuring  the  centers  of  gravity  must  in¬ 
troduce  a  systematic  error.  The  a.^  peaks  are  the  sharpest  and  probably  allow 
for  better  determination  of  peak  value.  The  average  of  the  values  agrees 
with  Parrish's  published  value  within  \  a  (0.00005  A).  Therefore,  this  method 
will  be  used  for  our  lattice  constant  measurements  unless  there  are  too  few 
resolved  peaks.  In  this  case  the  center-of-gravity  method  will  have  to  be 

used. 


In  the  study  of  the  thermal  expansion  of  NbBg  and  TaBg,  it  has  been 
found  that  NbBg  and  TaBg  lose  boron  when  heated  to  temperatures  of  1200°C  and 
above.  With  one  IlfcBg  specimen  the  boron  depletion  on  the  surface  was  so  great 
that  only  lines  of  Mb^E^  and  NbB  were  obtained.  Since  the  lattice  constant  of 
HbBg  varies  with  the  boron  content,  the  thermal  expansion  can  only  be  measured 
by  this  method  if  the  initial  room  temperature  lattice  constant  agrees  with 
room  temperature  lattice  constant  after  the  thermal  expansion  run. 


This  boron  depletion  was  observed  on  samples  of  NbBg  heated  in  other 
vacuum  furnaces.  Only  when  NbBg  was  heated  in  an  argon  atmosphere  in  a  carton 
tube  furnace  in  which  boron  was  placed  in  a  crucible  with  the  sample,  was  the 
sample  unchanged  after  heating  to  temperatures  as  high  as  2000°C. 


Attempt c 
layer  of  boron  tl' 
successful.  Ifev 
and  wil 1  1  u  tried 


.0  stabilize  the  IRBg  phase  by  coating  the 


surface  with  a 


.rough  w/hicii  diffraction  of  NIBg  could  be  observed  were  un- 


:  ample 


1p3 


jf  K1  Eg  and  TaBg 


a.  excess  toron  are  ieing  prepared 


Also  the  vacuum  furnace  feu 


he  Gi  ffran  loiae  ter  has  Veen 


modified  for  a  helium  ionosphere  which  should  decrease  the  rate  of  evaporation 
of  boron. 

A  TiBg  specimen  was  obtained,  and  the  thermal  expansion  measured  with 
the  diffractometer  furnace.  rfhe  data  were  processed  by  the  least-square  pro¬ 
gram  and  are  compared  with  our  previous  data  in  Table  B-II.  Hie  agreement  is 
fairly  good  considering  that  the  new  results  are  from  a  new  TiBg  sample.  It 
also  indicates  little  or  no  boron  loss  up  to  these  temperatures . 

Future  Work .  -  The  effect  of  specimen  displacement  on  lattice  con¬ 
stant  will  be  checked  against  the  tungsten  standard  by  arbitrarily  displacing 
the  specimen  from  the  diffractometer  axis .  The  loss  in  boron  of  TiBg  and  ZrB^ 
at  higher  temperatures  will  be  determined.  The  thermal  expansion  of  NbBg  and 
TaBg  doped  with  excess  boron  will  also  be  determined  both  in  vacuum  and  with  a 
helium  atmosphere . 


Table  B-l 


Lattice  Parameters  of  Tungsten  (Parrish)  at  25  °C 


O 


Run 

Method 

Lattice  Constant  A 

0 

1 

CuKa^  peaks 

3- I65-I6 

O 

CO 

1 

CuKa^ 

3.I65OO 

3.3  X 

1 

CuKa  a  center  of  gravity 

3.16479 

5.9  X 

2 

-L  £- 

CuKa  peaks 

3.I6506 

8.9  X 

2 

J- 

CuKctg 

3.16491 

3.5  X 

3 

CuKaL 

3.16530 

1.7  X 

3 

CuKa^  " 

3.16514 

6.4  x 

h 

CuKa^ 

3.16519 

11.3  x 

4 

CuKa2 

3.16513 

4.2  x 

4 

CuKa^ag  center  of  gravity 

3.16496 

4.0  x 

Total  average 

3.16506 

15.0  X 

Average  of  peaks 

3.16511 

12.0  x 

Average  of  peaks 

3.16518 

9-9  x 

Average  of  eg. 

3.16488 

12.0  x 

W. 

Parrish,  Acta  Cryst.  13,  838  (i960) 

3.16522  ±  0.00009A 

10 

10 

10 

10 

10 

10 


-5 

-5 

-5 

-5 

-5 

-5 


10 

10 


10 


10 


-5 

-5 

-5 

-5 


10 

10 


-5 

-5 


*  All  lattice  constants  corrected  for  refractive  index. 


1  TT 


Table  B-II 


Lattice  Parameters  for  TiB^  vs  Temperature 


Temp . 

a  (A  ) 

,  * 

a>rl04 

C(A) 

4* 

TxlO 

Aa  3 

f  103 

Method 

25 

3.0293 

1.8 

3.2288 

1.3 

new 

750 

3.0438 

3.4 

3.2486 

2.5 

4.82 

6.26 

new 

1000 

3.0496 

3-3 

3.2587 

2.4 

6.73 

9-39 

new 

1250 

3.0554 

6.1 

3.2670 

4  ^ 

8.62 

11.96 

new 

25 

3.0291 

2.1 

3.2280 

1.5 

new 

25 

3 . 0286 

3.2282 

old 

754 

3 . 04l8 

3.2482 

4.39 

6.19 

old 

1012 

3,0486 

3.2589 

6.64 

9.50 

old 

1260 

3.0556 

3-2678 

8.91 

12.26 

old 

* 


o's  for  new  method  are  from  least-square 
measurements.  Mo  c's  for  the  old  method 
(September,  1963  QPR). 


program  for  individual 
were  quoted  by  Houska 


2.  Elastic  Properties 


R .  Lowrie 


The  velocities  of  shear  and  compressional  waves  in  polycrystalline 

tungsten  have  been  measured  from  2k°  to  l800°C.  An  ultrasonic  pulse-echo 

technique  was  used  to  determine  the  difference  in  transit  time  for  waves 

reflected  from  the  specimen  shoulder  and  from  the  end  of  the  sample  (Figure  B-l). 

From  this  time  At  and  the  shoulder-to-end  length  f  q/2,  the  velocity  of  the  wave, 

shear  v  or  compressional  may  be  computed]  and  from  these  velocities  one 

computes  the  shear  modulus  G  and  the  infinite -medium  compressional  modulus 
2  2 

L  by  G  =  p  vo  and  L  =  p  V£,  where  p  is  the  density. 

The  specimen,  of  commercial  tungsten  purchased  from  the  General 
Electric  Company,  had  a  density  of  19*15  ±  0.01  g/cc  as  determined  from  its 
weight  and  dimensions.  This  is  9 of  the  theoretical  density  of  19.265  g/cc. 
As  the  specimen  is  heated,  both  the  density  and  the  shoulder-to-end  length 
change.  The  net  result  of  both  effects  on  the  modulus  is  given  in  the  follow¬ 
ing  equation,  where  the  subscripts  o  and  T  represent  values  at  room  and 
elevated  temperatures  respectively: 


r  r  A  n2  ,  ,  -Kv-3  /  iOx2n  At  *9.  ;Vo2  /  ,  Afrl 

Gt  }  =  "o(1  +  r>  -/r}  (1  +  £  }  (1  +  > 

s  o  s  o  At  o 


and  similarly 


Lt  = 


pqV 

At2 


(1  -  fr2 

o 


1  2 

The  values  of  Jones  and  Langmuir  and  Houska  for  tne  thermal  expansion  of 
tungsten  essentially  coincide  up  to  lA00°C.  Above  this  Houska’ s  values, 
which  have  been  used  here,  are  slightly  lower.  The  difference  reaches 
0.02 °fo  (0.9 3’/  expansion  compared  to  0 ,  > /■: )  at  l800°C. 


1.  H.  A.  Jones  and  I.  Langmuir,  General  Electric  Review  _^0,  3,10-319# 
35I1-362,  and  408  ( 1927 ) ,  data  in  Handbook  of  Chemistry  and  Pl:ysics  , 
Chemical  Rubber  Publishing  Company. 

2,  C.  R.  Houska,  J.  Phyc.  Chem.  Solids  25,  3y-'>  (l-V-t). 


The  experimental  values  for  G  and  L,  determined  using  both  quartz 

and  PZT-4  transducers ,  are  given  in  Figures  B-2  and  B-3.  The  results  pre- 

3 

viously  reported  by  Bernstein  and  obtained  with  the  same  basic  equipment 
are  also  shown  on  Figures  B-2  and  B-3.  The  agreement  is  generally  good 
except  for  the  somewhat  peculiar  behavior  of  Bernstein's  G  values  above  600°C. 


Values  of  G  and  L  were  taken  ever;  hundred  degrees  from  the  curve 
drawn  as  a  best  fit  for  she  experimental  points,  and  these  values  were  used 
to  calculate  the  Young's  modulus  E,  bulk  modulus  K,  and  Poisson's  ratio  cr  at 

each  temperature  (Figures  B-b,  B~5,  and  E-c)  by  the  elastic  relations 

„  G(3L-bG)  „  3L-4G  ,  L-2G 

E  =  t  K  >  — ,  and  - 

I, 


The  results  of  Hill  and  Shiramic  for  E  from  room  temperature  to 
760 °C  are  also  plotted  in  Figure  B-b  after  correction  for  the  effects  of 
thermal  expansion  on  sample  length  and  density.  Hill  and  Schinunin  report  a 
specific  gravity  of  ly.lyb  for  their  tungsten  sample.  The  general  agreement 
for  E  is  quite  good. 


Tungsten  crystal  Ej-2  i.as  bean  successfully  bonded  to  a  tungsten 
buffer  rod,  and  it  appears  that  satisfactory  data  for  Ch  ^  as  a  function  of 
temperature  can  be  obtained  from  it.  Sue:,  results  plus  the  data  previously 
obtained  for  C},1(  and  (=  b  C  +  -j  C±2  +  Cj.j,)  (Quarterly  Progress  Report, 
June  IQob)  will  yield  the  individual  values  cf  C  ,  and  as  functions 

of  temperature  to  l800°C. 


Future  Work.  The  above-mentioned  measurements  of  C  n  will  be  made 
to  l80C°C.  The  values  for  C  ,  Cir,,  and  0,  ,  will  be  used  to  calculate  the 
elastic  constants  of  polycrystalline  tungsten,  and  these  will  be  compared 
with  the  experimental  valuer  reported  this  quarter.  Reports  of  this  work 
will  be  written  for  publication. 


Bernstein,  o.  Apt 
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3.  High-Temperature  Creep 


F.  G.  Keihn 


The  high-temperature  creep  of  three  TiC  specimens  has  been  observed 
under  different  conditions  of  stress  and  temperature.  Figure  B-7  illustrates 

the  rapid  deformation  of  polycrystalline  TiC  at  8000  psi  and  2285 °K.  This 

__  [T 

specimen  has  shown  a  creep  rate  of  8.  A  x  10  J /hr  at  2200°K  and  6000  psi  in  a 
previous  test,  in  which  it  deformed  a  total  of  approximately  1  °jo  in  95  hours. 

The  previous  straining  apparently  had  little  effect  on  the  creep  resistance  of 
TiC  at  high  temperatures  at  higher  stresses » 

Clouding  of  the  window  to  the  total  radiation  pyrometer  became  a 
problem  in  the  vacuum  creep  furnace  after  bend  tests  were  conducted  on  Ni- 
infiltrated  TaC.  The  test  of  specimen  TiC-35  had  to  be  terminated,  and  in  the 
test  of  the  specimen  TiC-37  (Figure  B-8)  the  section  of  the  curve  at  2243°K  and 
various  stresses  had  to  be  conducted  using  a  constant  power  input  to  the  furnace. 
A  tungsten-rhenium  thermocouple  has  since  been  added  to  the  furnace  as  a  sensing 
element  for  the  controller,  and  the  temperatures  of  a  specimen  will  be  read  with 
an  L  &  If  optical  pyrometer  through  a  window  which  has  a  shutter.  The  shutter 
should  prevent  film  formation,  and  the  window  can  always  be  checked  for  film 
formation  after  the  experiment . 


A  log-log  plot  for  the  creep  rates  taken  from  the  creep  curve  for 
TiC  specimen  37  (Figure  B-9)  indicates  that  this  TiC  has  a  large  stress 
dependency  for  creep. 


In  the  previous  report,  preliminary  analyses  indicated  that  TiC 
specimens  Ho.  32  and  3'r  contained  larger  amounts  of  impurities  than  previous 
samples.  Table  B-III  gives  complete  chemical  analyses  with  a  comparison  to 
other  TiC  specimens.  These  large  increases  in  the  Zr  and  V  contents  might  well 
explain  the  lower  creep  rates  for  specimens  No.  32  and  3^ •  Some  TiC  toules  of 
higher  purity  have  been  obtained  and  will  bo  tested.  Unfortunately,  the  higher 
purity  material  always  has  a  larger  grain  size,  anu  this  introduces  an 
additional  variable  which  influences  creeu  rate. 


Future  Work . 


The  stress  dependency  will  be  measured  on  other  TiC 


specimens,  and  a  series  of  creep  rates  will  re  measured  on  TiC  at  stresses  of 
8000  psi  and  above. 


Table  B-HI 

Chemical  Analyses  of  Creep  Specimens 


Ti 

TiC-25 

79.96 

TiC-28 

80.00 

TiC-32 

79.27 

TiC-34 

79-22 

Crp 

19.49 

1-9.63 

19.59 

19.67 

Cp 

.29 

•31 

■52 

1.22 

N 

.14 

.05 

.04 

.04 

0 

.01 

.022 

.030 

.029 

V 

.004 

- 

.40 

•43 

Ag 

- 

.0001 

- 

- 

A1 

- 

.001 

.0005 

.0005 

As 

- 

- 

- 

- 

Au 

- 

- 

- 

- 

B 

.001 

.001 

- 

- 

Ba 

- 

- 

- 

- 

Be 

- 

- 

- 

- 

Bi 

- 

- 

- 

- 

Ca 

- 

- 

- 

- 

Cb 

.003 

- 

- 

- 

Cd 

- 

- 

- 

- 

Co 

- 

.003 

- 

- 

Cr 

.0006 

.oo4 

.007 

.002 

Cu 

.002 

.005 

.005 

.003 

Fe 

.093 

.04 

.078 

.O83 

Ga 

- 

- 

- 

Ge 

- 

- 

- 

** 

Hf 

- 

- 

- 

- 

Hs 

- 

- 

- 

- 

In 

- 

- 

- 

- 

Ir 

- 

- 

- 

- 

Li 

- 

- 

- 

- 

Ms 

.001 

.0003 

.0001 

.0C03 

Mn 

.DOT 

.003 

.001 

.004 

Mo 

- 

- 

- 

- 

Wa 

- 

- 

- 

- 

Ni 

- 

- 

- 

- 

Os 

- 

- 

- 

- 

P 

- 

- 

- 

- 

Pc 

- 

- 

- 

- 

Pd 

- 

- 

- 

- 

Pt 

- 

- 

- 

- 

Rh 

- 

- 

- 

- 

St 

- 

- 

- 

- 

Sc 

- 

- 

- 

- 

Si 

.002 

.0006 

.001 

.001 

Sn 

- 

- 

.001 

- 

Sr 

- 

- 

- 

- 

Ta 

- 

- 

- 

- 

Te 

- 

- 

- 

.. 

Tli 

- 

- 

- 

- 

Tl 

- 

- 

- 

- 

U 

- 

- 

- 

- 

W 

- 

- 

.06 

-  06 

Y 

- 

- 

- 

- 

Zh 

- 

- 

- 

.. 

Zr 

.003 

.000 3 

.29 

*  >-* 
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FIGURE  B  -  8  TiC-37  CREEP  CURVE 


h  .  High  Temperature  Creep  of  Refractory  Metals 


R.  L.  Cumraerow 


Dislocations  in  Body-Centered  Cubic  Metals .  -  As  discussed  pre¬ 
viously  in  QPR  for  June.  1964,  it  has  been  postulated  by  Li1  that  the  rate- 
limiting  process  in  high-temperature,  steady-state  creep  is  the  non-con¬ 
servative  motion  of  nodes  in  dislocating  networks.  'These  nodes  are  assumed 
to  be  formed  by  the  interaction  of  dislocations  in  a  primary  glide  system 

with  those  in  a  secondary  system  or  systems.  In  the  body-centered  cubic 
metals  it  has  been  found  that  the  slip  direction  is  invariably  in  the  (111) 

directions,  since  this  is  the  direction  of  closest  packing  and  thus  provides 

the  shortest  possible  Burgers  vector  and,  hence,  the  dislocation  of  lowest 

energy.  However,  there  is  no  unique  slip  plane  for  all  the  body-centered 

cubic  metals .  The  plane  of  slip  varies  from  metal  to  metal  and  also  varies 

2 

with  the  temperature  of  deformation  in  any  one  metal.  For  niobium,  there  is 
only  one  slip  system  at  room  temperature,  j 110  (ill)  ,  while  tungsten0  slips 
on  both  {lio}  and  {.112  }  planes  at  room  temperature.  However  at  higher  tempera- 
tures+  the  slip  systems  for  tungsten  are  found  to  be  |ll2}(lll)  .  Therefore, 
in  what  follows  only  the  formation  of  nodes  through  the  reaction  of  dislocations 
on  {  112  }  planes  is  considered. 

The  application  of  a  tensile  stress  is  considered  along  the  three 
principal  crystallographic  axes  [100],  [110],  and  [111]  in  turn.  The  component 
of  force  for  each  of  the  (ill)  directions  is  calculated  for  the  tensile 
direction  being  considered.  Then  all  112}  planes  with  normals  perpendicular 
to  these  (ill)  directions  are  considered.  Hie  Schmid  or  orientation  factor, 
cos  0  cos  1,  where  0  is  the  angle  between  the  axis  of  applied  tensile  stress  and 
the  slip  direction  and  \  is  the  angle  between  the  tensile  axis  and  the  slip 
plane  normal,  is  then  considered  for  each  combination  of  112-plane  ana  in¬ 
direction.  The  combinations  with  the  largest  Schmid  factors  are  then  taken  as 
the  active  slip  systems  for  the  tensile  axis  considered. 


1. 

j. 

C .  M .  Li ,  Trans .  Me s .  Soc . 

AIME  22  f,  It  7‘i  (1963) 

2. 

E. 

Votava,  Phys .  Stas.  Sol.  2 

,  421  (1964). 
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XI  . 

Schaaler,  Trans.  Met.  Soc . 

AIME  211,  549  ( 1 >uC ) . 

■f  . 

F. 

S.  Goucher,  Phil.  Mag.  (6) 

n,  22y  v  1 924  ) . 

In  order  to  make  sure  that  the  active  slip  systems  do  not  change 
with  deformation ,  it  is  necessary  to  consider  the  possible  rotation  of  the 
crystallographic  axes  with  respect  to  the  tensile  axes  as  deformation  pro¬ 
ceeds.  In  the  three  cases  considered,  the  symmetry  is  high  and  the  active 
slip  directions  combine  to  make  the  tensile  axis  the  resultant  slip  direction. 
Therefore,  no  lattice  rotation  is  to  be  expected  in  any  of  the  three  cases, 
since  rotation  is  always  in  such  a  direction  to  bring  the  resultant  slip 
direction  and  the  tensile  axis  closer  together. 

The  third  consideration  in  investigating  the  possibility  of  nodal 

network  formation  is  to  consider  the  reactions  of  dislocations  with  Burgers 

vectors  a/2  [ill]  where  a  is  the  length  of  the  cube  edge.  Only  reactions  in 

which  the  resultant  dislocation  has  an  elastic  energy  less  chan  the  sum  of  the 

elastic  energies  of  the  two  combining  dislocations  are  possible.  For  the  bcc 
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lattice  the  only  possible  reaction  is: 

a/2  [111]  +  a/2  [ill]  =  a  [lOO]. 

Since  the  elastic  energy  of  a  dislocation  is  proportional  to  the  square  of  its 

Burgers  vector,  the  elastic  energy  of  the  resultant  dislocation  is  smaller  by 

2  ^ 
an  amount  proportional  to  a  /2. 

The  following  table  summarizes  the  results  of  these  considerations 
for  the  axis  of  tension  in  the  three  principal  crystallographic  directions. 


Tensile  axis 

Slip  Systems 

Schmid  Factor 

Nodal  Network  Formed 

[100] 

(211)  [111] 
(211)  [111] 
(211)  [111] 

(21.1 )  [111] 

0 .  ly 

yes 

[no] 

(112)  [Hi] 
(112)  [211] 

i 

j... , 

no 

[nI] 

(211)  [Til] 
(112)  [111] 

(l-'T  )  [ill] 

-i  i 
■*> «  —■*»- 

Am-* !  -  ne and 

i/ir.-tv.-.r,  f.:\:  2: 

ri "  -  ■  '  1 .  r ■  ■  ■  , 

r* 


Than j  only  with  the  axis  of  tension  in  the  [100]  direction  would  a  nodal  net¬ 
work  of  the  type  postulated  by  Li~  be  formed.  The  rate -limiting  step  for 
steady-state  creep  in  the  [100]  direction  might  be  expected  to  be  the  diffusive 
motion  of  nodal  [100]  segments  postulated  by  Li.  The  activation  energy  would 
be  close  to  that  for  self  diffusion.  The  creep  strain  rate  would  be  expected 
no  be  proportional  to  the  applied  stress  to  the  power  n,  where  according:  to  Li 1 
theory  n  is  equal  to  the  number  of  atonic  in  the  nodal  [100]  segment.  In  the 
other  two  crystallographic  directions,  based  upon  the  collective  experience 
with  steady-state  creep,  the  basic  rate-limiting  step  would  again  be  self- 
diffusion,  but  the  diffusing  entity  would  not  be  expected  to  be  a  nodal  dis¬ 
location  segment.  It  might  be^for  example  the  diffusive  motion  of  prismatic 
dislocation  loops  interacting  with  glide  dislocations.  Therefore ,  for  these 
two  directions  for  a  given  temperature,  the  value  of  n  would  be  expected  to  be 
different  from  that  for  the  [100]  direction,  even  though  the  activation  energy 
would  be  the  same . 

Important  information  about  the  dislocation  mechanisms  active  in 
steady-state  creep  may  be  gained  by  studying  this  phenomenon  as  a  function  of 
the  crystallographic  orientation  of  high-purity  crystals,  both  macroscopically 
and  elec  tron-ml croscopically , 

Apparatus .  The  electron -beam  zone  refiner  is  teing  used  to  refine 
l/U  inch  tungsten  rod.  The  addition  to  the  bell- jar  chamber  of  a  Varian 
titanium  getter  pump  has  improved  the  working  vacuum  from  the  1C  to  lO" '  torr 
range.  This  pump  greatly  facilitates  starting  the  Vac-ion  pump  after  pump-down 
by  means  of  the  liquid-nitrogen  sorption  pump. 

The  diameter  of  zone  refined  specimens  has  not  teen  sufficiently 
uniform  so  that  the;,  can  be  used  for  tensile  specimens.  It  is  believed  that 
this  uniformity  can  be  achieved  by  electronically  controlling  the  current  as 
has  been  done  by  Vot-ava  and  others.  A  commercial  power  supply  with  control 
features  which  can  te  adapted  for  this  purpose  is  being  considered. 

If  production  of  samples  for  tensile  creep  experiments  by  this  zone 
refiner  is  delayed,  materials  will  be  procured  from  other  sources  for  the 
first  experiments . 


6.  E.  Votava,  private 


eoramuni  cation. 


The  development  of  methods  for  electrolytic  shaping  of  samples  for 
the  creep  experiments  is  proceeding  satisfactorily  using  standard  electrolytic 
polishing  and  etching  techniques  in  combination  with  the  application  of  stop- 
off  laquer.  An  automatic  arrangement  for  turning  the  sample  end-for-end  has 
been  constructed.  By  using  these  techniques  it  is  possible  to  produce  a 
sample  with  cylindrical  knobs  on  each  end  with  a  gauge  section  in  the  middle . 
These  methods  will  also  he  extended  to  produce  thin,  oriented  sections  for 
electron  microscopy. 

The  construction  and  testing  of  the  high-vacuum  tensile  tester  is 
proceeding  in  parallel  with  these  other  preparations.  The  heater,  heat 
shields,  and  sample  holders  have  been  completed,  and  the  chamber  is  being 
vacuum-checked  before  testing  of  the  heater,  power  supply,  and  temperature 
control  circuits . 


C.  Specimen  Preparation  and  Characterization 


1.  Purification  and  Sample  Preparation  I.  Binder 

Small  amounts  of  pure  Nb-B  and  Ta-B  compositions  have  been  pre¬ 
pared  for  x-ray  study.  An  iTbBp  specimen  has  been  heated  in  the  vacuum 
furnace  under  various  conditions  to  investigate  its  stability  in  vacuum  at 
high  temperature .  Mien  NbB^  is  heated  in  high  vacuum  for  several  hours  at 
1500°C,  boron  seems  to  be  lost  from  the  surface. 

A  second  set  of  TiC  specimens  was  hot  pressed  for  strength  and 
heat -treatment  studies  (QPR,  June  1964).  The  zone-refining  setup  was  used 
to  make  a  sound  joint  between  a  machined  tungsten  single  crystal  and  its 
long  polycrystalline  tungsten  support  rod  in  order  to  make  acoustical 
measurements  of  elastic  constants . 

Most  of  the  specimen  preparation  work  this  quarter  has  been  on 
composite  materials  and  is  discussed  in  Section  D-l. 


2.  Analytical  Research 


G.J.  McKinley,  H.F.  Wendt 


a.  Determination  of  Boron.  A  determination  of  boron  in 
refractory  borides  by  pyrohydrolysis  and  titration  of  the  boron  oxides  thus 
produced  would  be  attractively  simple  to  perform.  In  this  respect,  it  would 
be  preferable  to  the  current  peroxide  fusion  method,  which  has  many  more 
steps  and  requires  constant  attention.  Last  quarter,  we  described  a  few  pyro¬ 
hydrolysis  experiments  run  by  passing  steam  over  the  heated  sample  in  an 
apparatus  consisting  of  a  steam  generator,  a  Vycor  reaction  tube,  and  a  con¬ 
denser  with  a  dip  tube  into  the  receiver  flask.  The  rate  of  pyrohydrolysis 
of  zirconium  aiboriae  was  reasonably  fast  at  9oO°C,  and  boric  aciu  recovery 
was  complete  in  about  three  hours.  This  quo -  ter,  attempts  were  made  to  im¬ 
prove  upon  these  resu3.ts  by  (l )  adding  oxygen  to  the  steam  and  (2)  carrying 
out  the  reaction  at  higher  temperatures. 


Since  the  boron  in  refractory  borides  becomes  oxidizes, 
pyrohydrolysis  reaction,  it  was  thought  that  adding  oxygen  might 
the  reaction.  In  order  to  test  this,  runs  were  made  at  000°,  700 
and  000 °C  '.d.i1e  adding  oxygen  ; hrough  a  1  id  1  lor  in  oho  steam  'one 


in  the 
speed  up 
,  .  00  , 
na‘  or  a ; 
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rate  of  one  and  one -half  times  the  stoichiometric  requirement  per  minute. 
Titrations  of  the  boric  acid  in  the  distillate  were  made  at  one -hour 
intervals  during  these  runs.  Wo  improvement  in  reaction  rate  was  observed 
over  that  measured  for  runs  without  added  oxygen. 

The  use  of  higher  temperatures  to  shorten  the  analysis  was  tried 
out  on  zirconium  diboride,  at  1100QC  and  1200°C.  Because  of  the  higher 
temperatures;  a  nickel  combustion  tube  was  substituted  for  the  Vycor  tube. 
Spectrographic  analyses  of  the  residues  obtained  from  a  one -hour  run  at 
1100°C  and  a  thirty-minute  run  at  1200cC  indicated  that  all  but  a  trace  of 
the  boron  had  been  evolved.  However ,  the  titrations  of  the  blank  determina¬ 
tions  at  the  two  temperatures  were  abnormally  large,  and  titrations  of  the 
distillates  yielded  boron  values  higher  than  expected.  Examination  of  both 
distillates  revealed  the  presence  of  nickel;  which  apparently  came  over  with 
the  boron  in  the  distillation  process  and  interfered  with  the  titration.  It 
appears  that  a  special  step  to  remove  the  nickel  would  be  necessary,  but  this 
would  destroy  the  attractive  simplicity  of  the  method.  Consequently,  a 
cuartz  combustion  tube  was  tried  in  one-hour  pyrohydroxyses  of  six  samples 

of  the  ZrB0  and  eight  samples  of  TiB0  at  1100°C  (considered  to  he  the  maximum 

d  d 

safe  operating  temperature  for  quartz).  The  results  (Table  C-T.)  indicates  a 
complete  recovery  of  boron,  agreeing  well  1th  the  routine  peroxide  fusions 
previously  made  but  seemingly  being  somew..^.  more  precise. 

Quantitative  spectrographic  analyses  of  the  residues  from  the 
pyrohydrolysis  runs  listed  in  Table  C-I  indicated  a  residual  boron  content  of 
less  than  0,02^,  which  is  equivalent  to  less  than  two  parts  per  thousand  of 
the  boron  present  in  the  original  sample.  Examination  of  these  same  ^esid'ieb 
by  x-ray  diffraction  proved  them  to  be  rutile  (TiCt,)  in  the  titanium  direr ide 
series  and  baddeieyite  (ZrOg)  in  the  zirconium  dike* ide  series. 

In  order  tc  make  a  preliminary  evaluation  of  the  application  of  the 
pyrohydrolysis  technique  to  borides  other  than  those  of  titanium  or  zirconium, 
several  laboratory  control  samples  which  had  previously  Veen  analyzed  Ly  the 
peroxide  fusion  procedure  were  subjected  to  pyrohyarolys: z  u.:  110C°C.  These 
samples  were  availalle  only  in  small  quantities  anu  therefore  oi.iq,  rin.-le 
determinations  were  run  or,  each.  Tile  zirconium  dii-'vi  l>-  r,  •  !  •  •ud-.r.-i  dlieri.hr 


TABLE  C-I 


PRECISION 

DATA  FOR  BORON  RECOVERY  (in 

io  Boron) 

Pyrohydroly s i s 

Routine 

Peroxide 

Method 

Fusion 

Method 

ZrB2 

TiB2 

ZrB2 

TiB2 

18.74 

30.97 

18.61 

31.07 

18.79 

30.98 

18.67 

30.84 

18.78 

30.89 

18.70 

30.83 

18.76 

30.95 

18.69 

30.72 

18.70 

30.92 

18.63 

31.32 

18.74 

30.81 

18.63 

31.18 

30.86 

30.82 

Mean  18 . 75 

30.90 

18.66 

31.00 

Std. 

Deviation  0,03 

0.07 

o.o4 

0.23 

samples  were  powders  of  less  than  200  mesh  in  size,  The  mesh  size  of  these 
other  borides  was  unknown,  but  visual  examination  indicated  particle  sizes  pro 
bably  greater  than  200  mesh.  The  data  obtained  (Tabic  C-Il)  suggested  that 
additional  work  will  be  required  to  determine  the  proper  experimental  con¬ 
ditions  for  rjyrohydrolysis  of  some  of  these  other  borides.  Moreover,  since 
the  rate  of  pyrohydrolysis  may  be  a  function  of  particle  size  of  the  sample, 
it  will  be  necessary  to  use  powders  of  comparable  size  (i.e.  £00  mesh)  to 
evaluate  the  effectiveness  of  the  procedure  when  applied  to  these  other 
borides , 


TABLE  C-II 


BORON  RECOVERY  FROM  METAL  BORIDES 


Sample 

fo  Boron 

By  Pyrohydrolysis 

At  1100°C 

‘jo  Boron 

By  Peroxide  Fusion 
Procedure 

Notes 

HfBg 

6.8 

10.42 

Recovery  incomplete 
after  four  hours 

TaBg 

10.5 

IO.53 

Recovery  complete 
in  one  hour 

NbBg 

17.8 

18.16 

Recovery  complete 
in  one  hour 

LaBg 

29.8 

34.28 

Pt  boat  severely 
etched.  Fused 

BO  found  in 
boat . 

29-5 

37-57 

Recovery  incomplete 
after  two  hours 

YbB6 

27.0 

29.52 

Recovery  incomplete 
after  two  hours 

CrB 

16.7 

17  ■  18 

Recovery  incomplete 
after  two  hours 

A  further  refinement  in  the  titration  of  the  evolved  boric  acid  by 
the  procedure  with  mannitol  and  sodium  hydroxide  has  beer,  attempted.  This 
procedure  normally  consists  of  (l)  the  neutralization  of  the  free  mineral 
acid  in  the  sample  to  be  titrated,  (2)  the  addition  of  mannitol  to  transform 
the  boric  acid  into  a  relatively  strong  complex  acid,  and  (3)  the  titration 
of  the  complex  acid  with  a  standard  solution  of  sodium  hydroxide .  The 
success  of  this  procedure  is  therefore  dependent  on  the  careful  selection  of 
two  end  points,  the  point  at  whicn  the  mineral  acid  is  neutralized  and  the 
point  at  which  the  mannitol  complex  is  neutralized. 

References  in  the  literature  to  the  selection  of  t:.'*so  end  points 
are  many  and  varied.  Some  authors  recommend  the  use  of  ’'LswaL  indicators. 
Those  who  recommend  potentiometric  lit  ration  seldom  it:'  *>  ••  -  r rtr  :  ,v  v: 


the  points  have  been  determined.  This  uncertainty  becomes  a  pertinent 
problem  in  the  analysis  for  boron  by  pyrohydrolysis  since  the  final  result 
is  obtained  by  titration  of  the  boric  acid  evolved.  However ,  one  attractive 
feature  of  the  pyrohydrolysis  method  is  the  fact  that  this  titration  is  always 
made  on  a  pure  solution  of  boric  acid,  free  of  contaminating  ions,  and  varying 
only  in  boric  acid  concentration.  The  problem  then  becomes  simply  one  of 


l~\r\  i  nfc 


-pq>-»  piiv’o  iDOi'ic  scici  s du’t ions 


various  con¬ 


centrations  . 


In  order  to  select  the  two  end  points,  four  solutions  of  known 
amounts  of  reagent-grade  boric  acid  were  titrated,  and  the  potentiometric 
titration  curves  were  plotted  for  each  one.  From  these  data  the  two  end 
points  were  calculated  using  the  second  derivative  method  of  Lingane.^  The 
average  values  were  pH  ^.6k  for  the  first  end  point  and  pH  8.00  for  the  second 
end  point.  With  these  values  the  amount  of  boron  in  a  known  boric  acid 
solution  was  determined  as  17- 51$  in  excellent  agreement  with  the  known  value 
of  17.1*8$. 

b.  Future  Work.  During  the  next  quarter  pyrohydrolysis  will  be 
attempted  on  -200  mesh  samples  of  niobium  diboride,  tantalum  diboride,  and 
hafnium  diboride.  At  the  conclusion  of  this  work  our  efforts  will  be  directed 
to  a  study  of  the  caustic  fusion  technique  for  the  determination  of  nitrogen 
as  applied  to  borides,  carbides,  and  nitrides.  A  research  report  describing 
the  pyrohydrolysis  method  for  boron  is  now  in  preparation.  Later,  the  work  on 
the  free  carbon  determination  will  be  .eviewed, and  a  compilation  of  the  methods 
used  by  this  laboratory  for  the  analysis  of  the  borides,  carl  ides,  and  nitrides 
will  be  prepared. 


D.  Composites 


1.  Material  Preparation  1.  Binder 

The  preparation  of  composite  materials,  consisting  of  porous  hard- 
metal  todies  infiltrated  with  metal,  was  continued  with  TaC  as  the  primary 
high -temperature  skeletal  material.  This  work  included  preparation  of  large 
latches  of  harcmetal  powders  so  that  many  specimens  could  he  made  from  the 
same  starting  materials,  hot  pressing  of  hardmctnl  skeletons.,-  development  of 
uniformity  in  the  infiltration  process,  and  a  start  on  isostatic  pressing  as 
a  means  of  producing  uniformly  porous  hardmetal  todies. 

a,  Specimens  for  Mechanical  Testing.  A  large  number  of  test  bars 
of  TaC,  TaC  +  Ag,  and  TaC  +  Ni  were  prepared  for  mechanical  testing  and  for 
gas  reaction  studies.  All  the  test  barn,  both  plain  TaC  and  infiltrated,  were 
ground  with  a  resin-bonded  diamond  wheel,  to  give  size  uniformity  and  to 
remove  surface  imperfections. 

The  usable  high -temperature  strength  of  a  composite  tody  will  be 
determined  by  the  strength  of  the  high-melting  skeleton.  Since  the  strength 
of  a  specimen  is  a  function  of  its  density,  higher  density  TaC  bodies  than 
those  normally  used  for  infiltration  blanks  were  prepared  for  strength  tests 
to  determine  this  dependence.  Using  the  same  coarse  powders  as  those  used  fcr 
the  composite  skeletons,  a  maximum  of  app~oxim¥»: cly  90  percent  of  theoretical 
density  was  attained,  as  compared  with  the  75  to  84$  density  in  bars  used  for 
infiltration.  Still  higher  densities  can  be  obtained  by  wring  powders  tall 
milled  to  finer  sizes,  but.  these  powders  will  contain  larger  amounts  of  im¬ 
purities.  The  powders  used  P;r  the  infiltrated  composites  were  screened  to 
-270  mesh  and  averaged  6.4  microns  on  a  Fisher  Sub-Sieve  Sizer. 

The  gas-solid  reactions  will  t.o  conduced  or.  3/ 16"  square  pieces 
cut  from  the  fractured  roora-t  enperul t.re  impact,  t  ars .  This  acting  is  being 
done  because  the  specimens  now  prepared  are  much  ir.nr  -  uni  f  :  n't  lira  ted 

with  nickel  than  were  those  previ.  ur.ly  :  on  tod.  a:.-.:  im.prov".;  t  .•••.avicr  is  ex¬ 
pected  . 


b.  Improved  Infiltration  Method.  An  improved  procedure  has  been 
developed  for  Infiltrating  carbide  blanks  with  nickel.  Originally,  the  in¬ 
filtration  was  done  in  the  hot  press  at  temperatures  over  1900°C  (the  external 
surface  of  the  graphite  die  read  17^0° -1770*0  with  a  radiation  pyrometer). 

'This  process  involved  very  rapid  heating  and  a  considerable  solution  of  the 
carbide  in  the  nickel,  and  it  generally  produced  severe  pitting. 

Nickel  infiltration  of  hot -pressed  TaC  compacts  in  a  tube  furnace 
has  produced  much  more  uniform  specimens.  While  the  time  and  temperature  of 
infiltration  have  not  been,  optimized,  TaC  bars,  75  to  8 kty  dense  and  con¬ 
taining  essentially  continuous  fine  porosity,  have  been  successfully  in¬ 
filtrated  with  nickel  at  iVfO^C  in  an  argon  atmosphere .  There  is  no  pitting 
or  gross  porosity,  although  there  is  visual  evidence  of  a  thin  layer  of  sur¬ 
face  reaction  with  the  nickel.  The  metal  is  well  distributed  throughout  the 
bar,  and  met allograph! c  examination  shows  95  to  100  percent  of  the  pores  to  be 
metal-filled.  Assuming  all  the  weight  gain  to  be  nickel  pickup,  the  densities 
of  the  infiltrated  bars  also  correspond  to  95  to  100  percent  of  that  expected 
for  the  addition  of  10  percent  nickel  by  weight. 

In  general,  the  nickel -infiltrated  TaC  composites  appear  to  be 
mechanically  sound  and  with  dimensions  as  uniform  as  the  blanks  from  which  they 
are  prepared.  Only  one  such  bar  showed  a  flaw  -  this  sample  was  warped, 
probably  because  of  a  large  variation  in  density  along  the  length  of  the 
original  hot -pressed  bar. 

Similar  infiltration  experiments  in  tube  furnaces  with  silver  as 
the  infiltrant  have  been  less  consistent.  Silver  does  not  wet  the  carbide 
grains  well  and  has  too  great  a  viscosity  to  flow  at  temperatures  just  over 
its  melting  point.  This  agrees  with  hot  press  infiltration  tests  with  silver, 
in  which  temperatures  well  over  1900°C,  applied  for  very  short  times,  were 
required  for  adequate  filling  of  the  pore  skeleton.  At  furnace  temperatures 
of  1!j50°C,  silver  flowed  into  the  pores  of  carbide  compacts,  but  it  also 
vaporized  to  a  considerable  degree,  due  to  the  much  longer  times  required  for 
heating  and  cooling.  This  led  to  irregular  distribution  of  infiltrant  in 
these  pieces,  with  correspondingly  inconsistent  properties.  Since  only  a 
few  such  tests  have  teen  made,  it  Is  quite  possible  that  an  intermediate 
temperature  can  be  found  at  which  silver  infiltration  will  pro  zee  :  smoothly 
and  uniformly.  However,  i  *  app  arc  more  likely  birr  a  ..  :c.r  as  ::  i  Ivor 


will  be  infiltrated  best  by  a  more  rapid  heating  process,  either  in  a  die  in 
a  hot  press  or,  more  economically,  by  high-frequency  heating  in  a  controlled 
atmosphere  furnace . 

c.  Other  Hardmetals ■  Furnace  infiltrations  of  nickel  into  hard- 
metals  other  than  TaC  have  been  tried.  In  each  case,  a  hot-pressed  skeleton, 
75-85  percent  dense,  was  the  starting  material.  Some  ZrB^  bars  infiltrated 
properly,  although  this  material  is  more  difficult  to  form  into  a  uniform 
compact  with  continuous  fine  porosity.  A  ZrC  bar  from  a  batch  much  less  pure 
than  the  TaC  currently  in  use  was  partly  infiltrated,  to  the  point  at  which 
the  bar  split  apart  on  a  pressing  lamination.  A  NbB^  specimen  stuck  badly  to 
the  graphite  die  and  broke  into  several  pieces.  Hot -pressed  bars  of  NbC, 

T1B0,  TaB  ,  YbB^,  ZrN,  and  Tin  have  also  been  prepared  for  future  infiltration. 

d.  Isostatic  Pressing.  A  different  approach  to  composite  formation 
has  been  started,  not  using  the  hot  press  to  fabricate  the  porous  blanks  for 
infiltration  but  forming  them  by  cold  isostatic  pressing,  followed  either  by 
direct  infiltration  or  by  a  partial  sintering;  and  then  infiltration.  Iso¬ 
static  pressing  has  the  advantage  of  producing  uniform,  reproducible  compacts 
without  the  use  of  very  high  temperatures,  and  it  is  also  an  economically 
feasible  means  of  fabrication.  In  addition,  isostatic  presses  are  not  subject 
to  the  inherent  size  limitations  of  a  fast-acting  hot  press.  However,  the 
densities  attainable  a.re  lower  than  in  hot  pressing,  generally  requiring  an 
intermediate  sintering  step  prior  to  infiltration. 

A  60,000  psi  isostatic  press  with  a  pressure  chamber  3"  in  diameter 
and  18"  high  has  been  obtained  from  the  National  Forge  Company,  In  this 
equipment,  in  which  a  simple  piston  pump  is  operated  by  tank  gas  to  develop 
pressure,  ZrC  and  NbC  cylindrical  compacts  have  been  pressed,  using  a  small 
amount  of  camphor  as  a  fugitive  binder  and  lubricant.  The  resulting  specimens 
were  50-65 $  dense,  uniform  in  appearance ,  and  strong  enough  to  be  cut  with  a 
hacksaw.  One  ZrC  cylinder  and  half  a  NbC  cylinder  were  sintered  in  a  tube 
furnace  as  a  preparation  for  infiltration.  The  other  half  of  the  NbC  was  used 
directly  for  nickel  infiltration.  This  was  done  to  determine  whether  the 
porosity  developed  by  isostatic  pressing  could  he  infiltrated  well.  Visual 
inspection  of  this  NIC  indicates  that  1*  was  very  inf  i  Tru •  •  1  ty 

( £t  volume  %)  of  nickel. 
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The  particle  size  of  the  powder  is  important  both  for  the  degree 
of  densification  achieved  in  isostatic  pressing  and  for  the  green  strength 
of  the  pressed  sample.  With  NbC  of  average  size  15  microns  (measured  on  the 
Fisher  SubSieve  Sizer ),  the  compact  was  too  loose  and  powdery  to  be  used, 
but  sizes  of  6  to  8  microns  yielded  solid  bars  that  could  be  handled  for 
further  processing. 

There  is  still  a  great  deal  to  be  learned  about  the  optimum  con¬ 
ditions  of  isostatic  pressing:  particle  size  and  size  distribution  of  the 
hardmetal  powder;  amount  and  composition  of  the  fugitive  binder;  operating 
pressure;  time  to  achieve  this  pressure;  dwell  time;  design  and  composition 
of  the  mold  to  facilitate  stripping  and  prevent  sticking  and  tearing  of  the 
compact . 

Future  work  will  include  heating  isostatically-pressed  rods  in 
the  zone-sintering  furnace  to  achieve  rapidly  the  densities  required  for 
proper  infiltration  and  to  develop  sufficient  strength  in  the  high-melting 
hardmetal  skeleton.  In  addition,  this  procedure  could  lend  itself  to  the 
formation  of  a  structure  with  a  graded  density,  into  which  varying  amounts 
of  metal  could  be  infiltrated. 

e.  ZrC .  A  large  lot  of  ZrC  is  being  assembled  for  composite  work. 
This  is  being  prepared  in  several  smaller  batches,  each  of  which  is  being 
vacuum  purified  and  chemically  analyzed  before  addition  to  form  one  batch. 
This  detailed  check  on  consistency  is  more  necessary  with  ZrC  than  with 

TaC,  since  the  level  of  impurities  in  ZrC  is  higher.  While  the  exact  ef¬ 
fects  of  impurities  are  not  yet  known,  infiltration  is  more  successful  and 
more  uniform  with  base  materials  of  the  highest  purity. 

f.  Future  Work.  Hardmetal  composites,  isostatic  pressing  for 
infiltration  blanks  and  for  zone  sintering,  tetter  control  or  the  in¬ 
filtration  procedure,  and  physical  property  measurements  of  macnir.ee  com¬ 
posite  specimens  will  ie  emphasized  during  the  nexJ'  quarter. 


2.  Mechanical  Properties  of  Infiltrated  TaC 


F.  G,  Keihn 


Some  transverse  rupture  strengths  of  TaC  and  infiltrated  TaC  have 
already  heen  reported  (QPR,  December  1963  and  March  19^4 ).  The  data  were 
collecteo  usi%  a  carburized  TaC  (three  point)  fixture  wittun  tne  vacuum 
creep  rurnace .  Because  of  the  loss  of  Ni  in  the  vacuum  furnace,  a  carbon 
tube  furnace  with  argon  atmosphere  has  been  set  up.  A  Honeywell  controller 
with  a  tungsten  rhenium  thermocouple  as  the  temperature  sensing  element  is 
used  to  control  this  furnace. 

A  20-to-l  lever  with  hardened- steel  knife  edges  was  arranged  on 
the  top  of  the  furnace  to  load  the  sample  through  a  water-cooled  "0"  ring. 

The  load  was  applied  by  adding  shot  to  a  tucket  at  the  end  of  the  lever. 

The  load  applied  by  the  lever  system  was  checked  by  replacing  the  sample 
with  dead-weight  loading.  A  maximum  error  of  yjo  because  of  the  "0"  ring 
friction  and  misalignment  was  found.  As  a  further  check,  a  sample  of  TaC 
was  dead  loaded  outside  the  furnace  in  transverse  rupture  fixtures.  Previous 
transverse  rupture  strengths  on  a  Dillon  testing  machine  averaged  ^3,000  psi 
at  room  temperature  where  the  density  of  the  specimens  was  slightly  higher  — 
13  g/cc  as  compared  to  12  to  12.5  for  the  present  samples,  which  were  all  hot- 
pressed  bars  .050"  x  .200"  x  .750". 

The  data  are  summarized  in  Figure  D-l .  Because  of  the  variation 
in  hot-pressed  TaC  from  sample  to  sample,  rather  wide  limits  should  be 
placed  on  any  individual  value  of  strength.  Nonetheless,  the  data  clearly 
indicate  a  minimum  in  the  transverse  rupture  strength  of  hot -pressed  TaC 
around  lhOO°C.  Further  studies  will  he  made  of  this  minimum,  which  would 
appear  to  be  a  consequence  of  the  occurrence  of  some  plastic  deformation 
alove  1A00°C. 

The  strength  of  Ni -infiltrated  TaC  was  maintained  well  to  about 
900 °C  and  then  rapidly  decreased  until  the  tars  broke  before  they  could  be 
loaded  at  l! 00 °C .  ’.'.sic  is  reasonable  since  the  Hi  with  TaC  in  solution  pro¬ 

bably  melts  at out  ltOO°C  and  dissolves  most  of  the  TaC -TaC  bonds  previously 
formed  during  hot  pressing.  It  was  observed  also  or.  sandwiches  consisting 
of  TaC-Ni  with  tungsten,  tantalum,  and  TaC  :.hau  t.he  Ni  mivva-^d  from  the  com¬ 
posite  to  the  uwn-'st on,  tantalum,  or  Tab  aw  a^rr o ximv t o . y  -  VC. 


Transverse-Rupture  Strength  x  10  (psi) 


200  600  1000  1400  1800 


Temperature  °  C 


FIGURE  D  -  1  TRANSVERSE-RUPTURE  STRENGTHS  OF  ToC  AND  TaC  +  10%  N 


A  group  of  TaC  and  Ri -infiltrated  TaC  bars  were  taken  to  Alfred 
University  and  broken  on  a  Tinius  Olsen  testing  machine  for  micro char py 
impact  strengths.  All  bars  were  approximately  1  3/8"  x  3/16"  x  3/16".  A 
standard  50  in.  lb.  head  was  used  with  a  1  l/4"  gap.  The  Impact  strengths 
are  listed  in  Table  D-I  with  typical  impact  strengths  for  other  materials. 

It  can  be  seen  that  the  strengths  compare  favorably  with  other  conventionally 
prepared  carbides. 


Table  D-I 


Microcharpy  Impact  Strength  of  Cermets 
(unnotched  specimens  3/l6"  square) 


Material 

Impact  Strength  (in.  -  lb.  ) 

Reference 

TaC 

0.5  -  1.0 

Our  data 

Hi -infiltrated  TaC 

1.75  -  2.5 

Tl  1! 

Ni -cemented  Ti(CbTa)C 

4.1  -  5-1 

(1) 

Ri-Mo -cemented  Ti(CbTa)C 

1.5  -  2.8 

(1) 

Hi -cemented  Ti(Cr)C 

1.8  -  3.0 

(1) 

Super  alloy  X-  40 

40-50 

(i) 

(l)  J.  Wambold,  "Carbide-Base  Cermets",  pp.  140  in  Cermets,  edited 
by  J.  R.  Tinklepaugh  and  W.  B.  Crandall,  (i960)  Reinhold 
Publishing  Corp. 
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